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Abstract
The Second White Specks is an unconventional shale play in the Western Canada Foreland
Basin, endowed with over 450 billion barrels of light oil in place. Inconsistent production
performance, however, has hindered its economic viability as a resource play. One potential
explanation for erratic production behavior, on local and regional scales, is heterogeneous
distribution of retained oil charge in the source rock. This study focuses on the analysis of
geochemical properties and thermal history of the organic matter to assess lateral variability
in generated hydrocarbon in the Second White Specks.
The methodology comprised characterization of the organic matter integrating organic
geochemistry and basin modeling. Rock-Eval and organic petrography determined thermal
maturity, paleoenvironmental conditions, kerogen type and hydrocarbon generation. Because
exhumation magnitude is a critical input in the basin models, and previous results are
disparate and uncertain, exhumation magnitudes were estimated across the study area, using
a robust and reproducible compaction method. Finally, 1-D and 2-D basin models integrated
borehole temperature, thermal maturity, kerogen data and exhumation estimates.
Geochemical analysis reveals the Second White Specks is rich in organic matter with high
generation potential. The kerogen is type II, dominated by liptinite macerals with secondary
vitrinite and inertinite components. Altered bituminite indicates intense bacterial
degradation. The organic matter richness decreases with thermal maturity because of
hydrocarbon generation, although enrichment in the center of the basin suggests local
enhanced preservation. The source interval in most wells in the regional “oil window”
fairway is thermally mature, and modeling shows generation started in the Paleocene. Two
wells, however, exhibit anomalous characteristics that provide insights into local charge
variability. In one case, the organic matter is inexplicably immature despite close proximity
to a thermally mature well. In the other case, variability in heat flow delayed the onset of
hydrocarbon generation, resulting in anomalously low charge.
The estimated exhumation exhibits the expected general trend of increase toward the
deformation front. The high lateral resolution provided by this study, however, revealed an
unexpected local pattern suggesting possible control by basement structures.
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Summary for Lay Audience
The Second White Specks is a shale play in the Western Canada Foreland Basin. Shale plays
are petroleum source rocks, from which unexpelled hydrocarbons can be extracted with the
use of hydraulic stimulation. The Second White Specks has not been significantly developed
because of inconsistencies in the hydrocarbon production. The volume of produced
hydrocarbons can vary by several orders of magnitude in adjacent wells, and the causes are
not understood.
This work focuses on the study of the organic matter in these rocks, with the purpose to
determine if there are geochemical variations that affect the hydrocarbon generation,
resulting in production performance inconsistencies. The methodology consisted of the
characterization of the organic matter from samples taken in petroleum wells to determine
paleoenvironmental conditions, organic matter type, thermal maturity, and hydrocarbon
generation. One novel aspect of this work involved creating a robust and consistent model of
uplift and erosion of the overlying strata that occurred following the development of the
Rocky Mountains adjacent to the study area. These exhumation estimates, along with data
related to the temperature history of the Second White Specks, were integrated into basin
models that portray the burial and thermal history.
This study found two anomalies that may contribute to the unpredictable production
performance. There is one well that shows evidence that the organic matter has not generated
hydrocarbons, located close to another well that has generated hydrocarbons. The potential
reasons for this anomaly are discussed, but further investigation is required. Furthermore,
variability in the heat flow resulted in an area where hydrocarbon generation began later than
other wells in the area. Because of the late generation and the lower temperature, the
hydrocarbon generation in this zone is significantly less than the surrounding area. These
findings contribute to the understanding of the spatial variability of maturity and
consequently may assist to better predict the production performance.
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Part I Introduction and literature review
Chapter 1

1

Introduction
1.1 The problem

Self-sourced reservoirs or shale plays are continuous organic-rich source rocks from which
unexpelled hydrocarbons can be extracted with the use of multistage hydraulic fracture
stimulation of horizontal wellbores (Jarvie 2012a; Curiale and Curtis 2016). In response to
technological advances in enhanced recovery and drilling techniques, the development of these
unconventional resources have made important breakthroughs, changing the dynamics of the
global energy business (Heasler and Kharitonova 1996; Clarkson and Pedersen 2011; Yuan et al.
2015; Biresselioglu 2016).
According to the National Energy Board, in recent years the Canadian petroleum industry has
reported the discovery of large volumes of recoverable and in-place hydrocarbon resources.
(Rokosh et al. 2012). In the Western Canada Sedimentary Basin (WCSB), the Devonian
Duvernay, Besa River and Horn River shale plays are examples of proven producers (Ross and
Bustin 2008; Wust et al. 2013; Rivard et al. 2014).
The Upper Cretaceous Second White Specks (SWS) source rock is an enigmatic light oil
resource with an estimated 459 billion barrels of original oil in-place (OOIP) according to the
Geological Survey of Canada (Osadetz et al. 2010). The SWS, however, has not received the
same attention in public domain publications as the proved Devonian shale plays in the basin.
The lack of production repeatability has hindered its consideration as an economically viable
resource play (Clarkson and Pedersen 2011; MacKay 2015). Both flow rate and expected
ultimate recoverable oil (expressed as cumulative oil production in Figure 1. 1) can vary by
several orders of magnitude on local scales (e.g., between adjacent wells) and regional scales
(e.g., productive vs. non-productive regions along the play fairway). The causes of these
variations are not well understood.
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Figure 1. 1 Cumulative oil production from the Second White Specks Formation in the
foredeep section of the Western Canada Foreland Basin. Light grey dots indicate wells
that have penetrated through the Second White Specks Formation. Green bubbles are
proportional to the volume of hydrocarbons. Large bubbles indicate high cumulative oil
production and small bubbles indicate low cumulative oil production.
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A thorough understanding of the geomechanics, sedimentology, mineralogy and geochemistry
properties is required to address the scales of heterogeneities in the SWS light oil play and the
possible impact on hydrocarbon production rates. This work focuses on the study of the organic
geochemical properties. The key geochemical features of a successful shale play are the presence
of abundant organic matter (OM) with good generation potential, and high thermal maturity
(Rezaee and Rothwell 2015). The distribution and characteristics of these features could impact
production rates because they govern the saturation of oil present in the connected pore space,
and consequently determine the hydrocarbon charge of the source-reservoir rock. Are there
variations in organic geochemical properties of the SWS shale play that could contribute to
its unpredictable production performance?
To answer the research question, organic geochemistry analysis was done to characterize the
organic matter and assess the lateral variability of geochemical properties that may impact the
petroleum system charge and hence production predictability, such as thermal maturity, organic
matter richness and hydrocarbon generation. Furthermore, this study expands into the
construction of one dimensional and two-dimensional basin models that portray the burial and
thermal history of the source rock. These models required the input of exhumation magnitudes
in the basin; therefore, estimation and analysis of this property is provided.
1.1.1 Lateral variability of geochemical properties
The studied succession comprises the Cenomanian (Upper Cretaceous) Upper Belle Fourche
(UBF) and the Turonian (Upper Cretaceous) SWS alloformations which are included within the
SWS shale play. These allostratigraphic units are time equivalent to the SWS Formation, which
was formally defined on a lithostratigraphic basis (Bloch et al. 1993).
SWS mudstones are rich in OM and have a good hydrocarbon generation potential (Bloch 1995;
Schröder-Adams et al. 1996; Bloch et al. 1999; Beaton et al. 2009; Rokosh et al. 2012; Furmann
et al. 2015). Thermal maturity of the SWS source rock increases from east to west toward the
thrust front of the Rocky Mountains, which is consistent with increasing burial depth in the
foredeep of the WCFB (Bloch et al. 1999). The research area is in the foredeep depozone of the
foreland basin, in a region that is generally considered to be thermally mature (Fig. 1. 2)
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(Creaney and Allan 1990; Furmann et al. 2015). Thermogenic oil generation from the mature
SWS Formation migrated updip (eastward) to source conventional clastic reservoirs like the
Cardium Formation (Creaney and Allan 1992), but light oil production directly from completions
in the SWS alloformation in the study area demonstrate that generated oil is also retained in the
source rock.
Despite previous studies having described regional geochemical properties of the SWS
mudstones (Bloch 1995; Schröder-Adams et al. 1996; Bloch et al. 1999; Rokosh et al. 2012;
Furmann et al. 2015; Synnott et al. 2017), the local variability of these characteristics remains to
be investigated in the context of hydrocarbon production. Therefore, this work builds on those
previous studies by integrating organic petrography and Rock-Eval analysis, to increase the data
resolution in the study area (Pine Creek and Willesden Green) (Fig. 1. 2).
1.1.2 Burial and thermal models in the Western Canada Sedimentary Basin
Burial and thermal models have been constructed for several intervals in the Devonian and
Cretaceous sections of the WCSB. As examples, Beaumont (1981) proposed burial histories of
selected Mannville, Blairmore, Edmonton and Paskapoo coals. He used them to propose a model
of regional isostatic adjustment of the lithosphere of a foreland basin, under the mass load of the
adjacent fold-thrust belt.
Kalkreuth and McMechan (1996), discussed maturity and burial history of Cretaceous-Tertiary
coals in the northeastern zone of the basin. The burial histories were calibrated with reflectance
measurements from the coal intervals. These models were used to analyze the effect of Laramide
orogeny in coalification patterns.
Roberts et al. (2005) reconstructed 1-D burial and thermal histories of Mannville coals in the
south and central part of Alberta. These models were subsequently used to build 1-D/3-D models
of the basin in south-central Alberta (Higley et al., 2005), northern Alberta (Higley et al. 2009),
and elsewhere in Alberta and Saskatchewan (Berbesi et al. 2012). These studies shared a
common objective to develop a model for the Mannville Group petroleum system.
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Furthermore, burial and thermal models were constructed by Fothergill et al., (2014), as part of a
systematic approach to model Duvernay petroleum system in North and Central Alberta.
Although these models have shed light into basin evolution and characteristics of petroleum
systems, none of them depict the burial and thermal evolution of the SWS source rock, which is
a key component for petroleum system evaluation (Allen and Allen 2013).

Figure 1. 2 Study area and maturity distribution of the Second White Specks source rock.
Foredeep section of the Western Canada Foreland Basin. Maturity levels are modified
from Creaney and Allan (1992) and Furmann et al. (2015).
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1.1.3 Exhumation magnitude
Exhumation is described as the removal of material by any means from a basin or other terrane,
such that previously buried rocks are exposed on the surface (Doré et al. 2002). Exhumation is
usually calculated using one or more of the four different frames of reference: thermal,
compaction, stratigraphic and tectonic (Doré and Jensen 1996; Corcoran and Doré 2005).
Several authors have used different compaction and thermal methods to come up with estimates
of the post-Eocene removed overburden in the WCSB (Fig. 1. 3). For example, Magara (1976),
and later Poelchau (2001) , used the compaction method to calculate exhumation, obtaining a
variation from east to west between 520 to 1400 m, and 1000 to 2000 m, respectively. Using a
correlation between moisture content of near-surface coals and maximum burial depth,
Hacquebard (1977) estimated about 600 to 3300 m of exhumed thickness increasing from
northeast to southwest. Nurkowski (1984) used Hacquebard’s work to develop a relationship
between coal calorific values and maximum depth of burial, obtaining between 900 m and 1900
m of exhumed thickness, increasing from east to west. Using plots of vitrinite reflectance versus
depth, England and Bustin (1986) and Bustin (1991) extrapolated the maturity gradient above the
present surface to a zero maturity level, and estimated a variation range from 5 to 9 km and 1500
to 3800 m, respectively.
Exhumation models from those previous work, however, rely on low data density and show large
discrepancies (Fig. 1. 3). Because this property is an important input in the burial and thermal
models, this study conducted an independent determination of exhumation based on a robust
methodology. The purpose is to construct a refined exhumation model with relatively high
spatial resolution and reproducible results. The refined exhumation model aims to reduce
uncertainty in the basin models and advance understanding of the tectonic history of the basin.
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1.2 Aim and Objectives
1.2.1 Aim
The aim of this work is to analyze geochemical properties and the thermal evolution of the SWS
self-source reservoir rock. It is hypothesized that there are lateral variations in geochemical
properties controlling the source-reservoir rock charge that could result in production
inconsistencies.
1.2.2 Objectives
•

Characterize the organic matter in the SWS to determine paleoenvironmental sedimentary
conditions, organic matter richness, thermal maturity, hydrocarbon generation potential,
and level of kerogen conversion.

•

Estimate the post- Eocene exhumation magnitude in the study area.

•

Provide 1-dimensional and 2-dimensional burial and thermal models on several wells in
the foredeep section of the basin, with emphasis on the thermal evolution of the SWS.

1.3 Significance of the study
Shales or mudstones were traditionally considered as homogeneous rocks. Recent studies,
however, have shown that there are lateral and vertical short scale variations in mineralogy,
fabric, organic matter (OM) richness, type and preservation, and petrophysical characteristics
that can influence the production capacity of shale plays (Jarvie et al. 2007; Ross and Bustin
2008; Passey et al. 2010; Slatt et al. 2011; Miceli Romero and Philp 2012). Despite recent
advances in understanding fundamental characteristics of shale plays, the complexity of these
systems calls for further detailed investigation, to optimize development of their hydrocarbon
production potential.
The evaluation of the thermal maturity, type and richness of OM, and hydrocarbon generation
variations is the first step toward modeling the hydrocarbon charge and estimating its
relationship to production rates. Therefore, results from this study will contribute to the
understanding of the SWS petroleum system and reduce the exploration and production risk.

8

Figure 1. 3 Exhumation estimates in the study area in the Western Canada Sedimentary
Basin. Compaction methods were used by Magara (1976) and Poelchaud (2001). Thermal
methods (e.g., coal moisture, calorific value, vitrinite reflectance) were used by Hacquebard
(1977), Nurkowski (1984), and Bustin (1991), respectively. Different estimates show a wide
range of variation (520–3300 m). Arrows show the direction of increasing exhumation
magnitude. Red line represents the limits of the basin.
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Chapter 2

2

Review of basic principles
2.1 Overview

This chapter provides a review of basic principles in petroleum geology and basin analysis. From
the definition of a petroleum system to rock physics principles, the purpose is to help the reader
to understand complex ideas that will be developed in upcoming chapters of this dissertation.

2.2 How is petroleum formed?
A petroleum system is “a geologic system that encompasses the active hydrocarbon source rock
and all related oil and gas, and which includes all of the geologic elements and processes that are
essential if a hydrocarbon accumulation is to exist” (Magoon and Dow 1994).The elements of a
petroleum system include source rock, reservoir rock, seal rock and overburden rock. The
processes involved are generation, expulsion, migration and trap formation (Magoon and Dow
1994).
In conventional petroleum systems, generated hydrocarbons migrate from source rocks to
reservoirs and traps. In unconventional petroleum systems, hydrocarbons are retained in the rock
due to matrix permeability (e.g., oil shale) or petroleum viscosity (e.g., oil sands) (Peters et al.
2015). This thesis is about the study of a source rock that has acted as a conventional source
rock and as an unconventional self-sourced reservoir rock, and the generation of related
hydrocarbons.

2.2.1 What is a source rock?
A hydrocarbon source rock is a sedimentary rock that is capable of generating petroleum (Tissot
and Welte 1984). A potential source rock has a high concentration (>1%) of good quality
(hydrogen rich) organic matter (OM) that has not been transformed to hydrocarbons. A potential
source rock becomes effective when it generates biogenic gas at shallow depth or generates
thermally derived hydrocarbons at greater depths and temperatures (Peters and Cassa 1994) (Fig.
2. 1, right). Consequently, to be effective, a source rock must satisfy these geochemical
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requirements: high concentration of hydrogen-rich organic matter, and appropriate thermal
maturity (Peters and Cassa 1994).
•

High concentration of organic matter

OM is easily destroyed in subaerial environments by chemical or microbial oxidation. Aquatic
environments (Fig. 2. 1), however, offer a variety of boundary conditions that promote the
deposition and preservation of high amount of OM. The factors that control the accumulation of
OM rich sediments in aquatic environments are primary productivity and organic matter
preservation. Preservation is dependent on the oxygen concentration in the water column,
residence time, sedimentation rate and sediment particle size (Tissot and Welte 1984; Katz
2005).
In marine environments there are three sources of OM. The autochthonous OM is produced in
the photic zone in the water column and consists of photosynthetic organisms such as algae and
phytoplankton; these organisms can be consumed by zooplankton that also contribute to the OM
in sediments. Allochthonous OM is the product of terrestrial plants transported through fluvial
systems or by eolian processes, to the depositional environment. The third source consists of preexistent reworked OM derived from erosion and redeposition of older sedimentary rocks (Tissot
and Welte 1984; Dembicki 2017). Of these three sources, the autochthonous and allochthonous
OM are important for oil and gas generation (Dembicki 2017)
The primary productivity in the aquatic environment is determined by nutrients input (e.g.,
nitrogen, phosphorus, iron) and their availability, based on hydrodynamic conditions. High input
of nutrients increases the primary productivity of the autochthonous OM (Tissot and Welte 1984;
Katz 2005; Dembicki 2017). Continental margins and polar zones are favorable environments for
biological primary productivity. On continental margins nutrient influx is determined by fluvial
systems. In the polar regions, biological productivity is controlled by the upwelling of nutrientrich bottom waters. In contrast, open ocean zones are depleted in nutrients, resulting in low
primary productivity (Katz 2005; Dembicki 2017). Once the autochthonous and allochthonous
OM is in the water column, it needs to get into the sediments and be preserved in order to
contribute to source rock formation (Fig. 2.1, right) (Dembicki 2017).
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To favor the preservation of OM it is essential to reduce the exposure to inorganic
mineralization agents like oxygen, and to heterotrophic organisms. Anoxic environments provide
optimal conditions for preservation since oxidative processes are halted and biological activity is
limited (Demaison and Moore 1980).
The transport through the water column must be rapid to preserve the OM from oxidation and
biological degradation. An important mechanism that favors the delivery of OM to the seafloor is
the formation of organomineralic aggregates. Organomineralic aggregates (OMA) form during
the phenomenon known as marine snow, which initiates in the photic zone during phytoplankton
bloom or periods of high primary production (Macquaker et al. 2010). OMA are produced by
processes of physical aggregation mediated by the activity of organisms living in the water
column (e.g. fecal pellets production, filtered-feeding) (Macquaker et al. 2010). Once the
aggregates are formed, they settle rapidly from the photic zone to the bottom of the seafloor,
reducing the time of exposure of the OM to degradation agents in the water column, and hence
favouring its preservation (Simon et al. 2002).
Another factor that controls the residence time in the water column is the sedimentation rate.
High sedimentation rate increases the OM burial efficiency, which reduces the exposure to
degradation agents. A sedimentation rate balance must exist, however, in order to favor
preservation. While high sedimentation rate enhances carbon burial, excessively high rates may
cause dilution of the organic matter by clastic sediments (Tissot and Welte 1984; Katz 2005;
Dembicki 2017).
Once the sinking flux of OM arrives at the water/sediment interface on the seafloor, the sediment
grain size becomes important for preservation. In fine-grained sediments the exposure to
inorganic and biological agents is reduced since localized anoxia can be developed in the
interstitial space just below the sediment/water interface. In contrast, in coarse-grained sediments
the bottom water can circulate, replenishing oxygen and allowing degradation processes to occur.
Therefore, preservation is favored in fine grain sediments.
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•

Good quality organic matter

The quality of the OM refers to its capacity to generate liquid hydrocarbons. Typically, OM from
algae (lacustrine environments), or phytoplankton, zooplankton and bacteria (marine
environment) contain lipid molecules with aliphatic structures that are rich in hydrogen. OM
from land environments, however, is enriched in more complex molecules containing
polyaromatic nuclei, and hence tend to be hydrogen-poor (Tissot and Welte 1984; Hunt 1996).
When subject to thermal breakdown, hydrogen-rich OM yields more liquid hydrocarbon than
hydrogen-poor OM (Tissot and Welte 1984). In addition, since oxidation decreases the amount
of hydrogen in the molecules, the quality of organic matter is not only subject to its source but
also to its level of preservation (Tissot and Welte 1984; Hunt 1996).
•

Thermal maturity of organic matter

Most petroleum in sedimentary basins is generated as consequence of thermal breakdown of
organic matter with increasing burial (Tissot and Welte 1984; Hunt 1996; Allen and Allen 2013).
At shallow depths a source rock will be thermally immature, but with increasing depth it will
become progressively mature, reaching appropriate temperatures for oil and gas generation (Fig.
2.1, left.). Further details are provided below (see Transformation of organic matter).
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Figure 2. 1 Transformation of organic matter in sediments. Right diagram depicts the
source (land or aquatic) and deposition of organic matter in aquatic environment. When
the concentration of good quality organic matter (hydrogen-rich) deposited is high, but
hydrocarbon have not been generated yet, the source rock is considered to be potential.
Continuing burial leads to heat exposure providing the conditions for hydrocarbon
generation. In this stage the potential source rock becomes effective source rock. The
generated hydrocarbons migrates out of the source rock and are trapped in the reservoir in
conventional petroleum systems. In unconventional systems, hydrocarbons remain in the
source rock which becomes reservoir rock. Left, summary of the stages of OM
transformation in sediments, from diagenesis to metagenesis (see text), and corresponding
products. At shallow depth a source rock will be thermally immature, but with increasing
depth it will become progressively mature, reaching appropriate temperatures for oil and
gas generation. Modified from Killops and Killops (1993) and Peters et al. (2005).

14

2.2.2 Stages of transformation of organic matter
The main stages of OM transformation in sediments are diagenesis, catagenesis and metagenesis.
Left side of Figure 2. 1 shows these stages and the associated products.

2.2.2.1 Diagenesis
During diagenesis the OM in the sediments is transformed from biopolymers (carbohydrates,
proteins and lipids) into geopolymers (fulvic acids, humic acids, subsequently humins and
ultimately kerogen) (Fig. 2. 2). These changes occur under temperatures usually less than 50 ºC
and over burial depths of tens to hundreds of meters (Tissot and Welte 1984). Biogenic gas,
generated by methanogenic bacteria (temperatures less than 80 ºC) , is the single hydrocarbon
that may be produced during this stage (Tissot and Welte 1984).
Enzymatic microbial activity and chemical reactions such as hydrolysis, reduction and oxidation
break down large molecules and biopolymers into smaller organic compounds (Tissot and Welte
1984; Tegelaar et al. 1989; Dembicki 2017). These compounds can follow one of two possible
pathways. A small portion of the biopolymers goes through further reactions such as reduction,
dehydration and decarboxylation to form bitumen (Dembicki 2017). The other major portion
undergoes condensation, polymerization and insolubilization leading from fulvic acids, humic
acids and humins to kerogen.
Bitumen is the portion of OM preserved in the sediments that is soluble in organic solvents
(Tissot and Welte 1984). Bitumen is indigenous to the rock and contain some compounds that
have the same basic structures as compounds found in living organisms. These compounds in the
bitumen are called biomarkers or molecular fossils and are also found in crude oils (Fig. 2. 1,
left).
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Figure 2. 2 Alteration of organic matter during diagenesis. Modified from Tissot and Welte
(1984) and Dembicki (2017).
Kerogen is the portion of naturally occurring OM in sedimentary rocks that is neither soluble in
organic solvents, nor in aqueous alkaline solvents (Tissot and Welte 1984). Kerogen includes
residues of lipids and biopolymers, and reconstitutes organic components (Tegelaar et al. 1989).
Kerogen is progressively transformed with increasing burial depth and temperature later into
smaller molecules, low molecular weight products like hydrocarbons (catagenesis), and into a
macromolecular residue (metagenesis) (Bordenave 1993). Kerogen can be classified in three
types according to the original organic matter and conditions of deposition as type I, type II and
type III (Tissot and Welte 1984; Hunt 1996; Dembicki 2017). These are extreme composition
types; in the natural environments, however, usually there are mixtures of different types of
organic matter and hence intermediate composition between type I and II or type II and III for
example (Dembicki 2017). According to Van Krevelen (1961) the different organic matter
components and the depositional conditions can be expressed in the global atomic composition
of three major elements, carbon (C), hydrogen (H) and oxygen (O). With these principles, Van
Krevelen (1961) developed a plot representing the global atomic composition as ratios of H/C
and O/C. This plot was first used to characterize coals and their coalification path. It was
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adapted, however, by Tissot and Welte (1984) to characterize kerogen in source rocks (Fig. 2. 3)
and it has been widely used in the literature ever since.
Type I kerogen is composed of OM rich in aliphatic structures with few aromatic structures.
Consequently, this type of kerogen is rich in hydrogen. Immature kerogen (kerogen that has not
undergone significant thermal degradation yet), will typically exhibit high H/C ratio (>1.5) and
low O/C (<0.1) (Tissot and Welte 1984) (Fig. 2. 3). Type I kerogen is derived from algal
material deposited mainly in lacustrine environments. OM in this type of kerogen is prone to
produce oil (Dembicki 2017).
Type II kerogen has a moderately high H/C (1.2-1.5) and moderate O/C compared to type III, in
its initial thermal maturity stage (Peters et al. 2005) (Fig. 2. 3). Kerogen type II has abundant
saturated material like naphthenic rings and aliphatic chains, but in contrast to type I, has more
abundant aromatic structures (Tissot and Welte 1984). Kerogen type II is derived from a mixture
of phytoplankton, zooplankton and bacteria, usually related to marine sediments in reducing
environments (Tissot and Welte 1984; Hunt 1996; Dembicki 2017). It can also contain
allochthonous higher plant components (e.g., spores, pollen, leaf cuticles) (Dembicki 2017). OM
in this type of kerogen is prone to produce oil (Dembicki 2017) and gas (Tissot and Welte 1984).
Type III kerogen has a relatively low initial H/C (<1) and high initial O/C (as high as 0.2 or 0.3)
(Fig. 2.3). It contains a high proportion of aromatic molecules and long-chain aliphatic groups
(Tissot and Welte 1984; Hunt 1996; Dembicki 2017). Kerogen type III is derived from terrestrial
higher plants OM and/or aquatic OM deposited under oxidizing conditions (Tissot and Welte
1984; Hunt 1996; Dembicki 2017). OM in this type of kerogen is prone to produce gas
(Dembicki 2017).

17

Figure 2. 3 Thermal degradation paths for kerogen type I, II and III. This diagram is a
modified version of the Van Krevelen diagram developed for coals, adapted by Tissot and
Welte (1984). Modified from Tissot and Welte (1984)

2.2.2.2 Catagenesis
Catagenesis is the stage in OM evolution where most hydrocarbons are formed. Catagenesis
occurs due to increasing temperature with burial in sedimentary basins. During this stage,
thermal degradation of kerogen is responsible for the generation of hydrocarbons (Tissot and
Welte 1984; Hunt 1996). The range of temperature varies between 50 ºC and 200 ºC (Hunt 1996)
or 50 ºC and 150 ºC (Tissot and Welte 1984; Bordenave 1993), at burial depths greater than 1000
m (Tissot and Welte 1984). The transformation rates depend on the time-temperature history of
the basin and the OM type (Hantschel and Kauerauf 2009).
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As the kerogen enters catagenesis it undergoes physical and chemical (elemental composition)
changes as a consequence of thermal cracking, which results in the generation of oil and gas.
Cracking is defined as the process by which large molecules in the kerogen are broken down into
smaller molecules by the breaking of C-C bonds (Tissot and Welte 1984).
Initially, the OM in the kerogen is hydrogen-rich and molecules have a random orientation. In
the van Krevelen diagram (Fig. 2.3), the three degradation paths are separated as they reflect the
original elemental composition of the OM (Tissot and Welte 1984; Dembicki 2017). With
increasing temperature, however, thermal cracking results in the generation of oil and gas. Type I
and II degradation paths start to merge reflecting the depletion of hydrogen and oxygen with
increasing maturation, while the carbon content is being enriched (Dembicki 2017). At the end of
catagenesis, the remaining kerogen is enriched in oriented aromatic structures as consequence of
hydrogen depletion. The three degradation path merge as their elemental composition becomes
indistinguishable (Dembicki 2017).
At the beginning of catagenesis, the cracking of C-C bonds is not widespread enough to produce
significant low molecular weight compounds, therefore at first a high molecular weight oil is
formed (Bordenave 1993). With increasing temperature, however, cracking of C-C bonds occurs
not only in the kerogen but also in the initially formed hydrocarbons. Consequently, lower
molecular weight molecules are generated in the form of lighter hydrocarbons, condensate and
finally natural gas (Bordenave 1993).

2.2.2.3 Metagenesis
Continuing burial and heat exposure of the OM leads to metagenesis, which occurs at
temperatures higher than 200 ºC. During metagenesis all labile functional groups and chains
have been eliminated and aromatization and condensation of the remaining kerogen increases
resulting in a graphitic structure. The main product generated during metagenesis is dry gas
(methane) (Tissot and Welte 1984; Bordenave 1993)
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2.2.3 Generation of hydrocarbons
The generation and maturation of hydrocarbons can be quantified by chemical kinetics that are
formulated using mass balances. The individual parallel reactions that describe kerogen
decomposition to form hydrocarbons can be expressed as:
𝑘𝑘

𝑋𝑋 → 𝑌𝑌 =

𝛿𝛿𝛿𝛿
𝛿𝛿𝛿𝛿
=−
= 𝑘𝑘𝑘𝑘 𝜆𝜆
𝛿𝛿𝛿𝛿
𝛿𝛿𝛿𝛿

[2. 1]

This equation describes the forward reaction of a reactant X of mass x to a product Y of mass y.
The reaction order, λ, typically equals 1 for most geochemical processes. k is the reaction rate
and t is time. Mass units are considered, with x0 = 1, x (t→ ∞) = 0 and y = 1-x. The

transformation ratio (TR) is the fraction of initial reactant that has been converted to
hydrocarbons, (y) (Hantschel and Kauerauf 2009).

The reaction rate k is dependent on temperature (T). This relationship is described by the
Arrhenius Law (Equation [2. 2]) with two kinetic parameters, the frequency factor (A) and the
activation energy (Ea). R is the ideal gas constant = 8.31447 Jmol-1K-1 (Tissot and Welte 1984;
Hunt 1996; Hantschel and Kauerauf 2009).
𝐸𝐸𝑎𝑎

𝑘𝑘 = 𝐴𝐴𝑒𝑒 −𝑅𝑅𝑅𝑅

[2. 2]

The frequency factor A is the frequency with which molecules collide with suitable energy and
orientation to cause a successful reaction. The activation energy Ea is the amount of energy that a
molecule or complex of molecules must absorb to break bonds and generate new products (Hunt
1996).
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2.3 Foreland systems
2.3.1 Foreland basins
Foreland basins are the result of loading and flexure of the basement, by thrust sheets in the
orogen (DeCelles and Giles 1996; Allen and Allen 2013) (Fig. 2.4). According to Dickinson
(1974), foreland basins can be differentiated as peripheral and retroarc subtypes on the basis of
plate tectonic setting. Peripheral foreland basins form on subducting plates in front of foldthrust belts that are synthetic to the subduction direction (Dickinson, 1974; Jordan, 1981). Retroarc foreland basins form on the overriding plates inboard of continental margin magmatic arch
and related thrust belts that are antithetic to the direction of subduction (Dickinson 1974; Jordan
1981).

2.3.2 Accommodation mechanisms in foreland systems
This section is specially focused on retro-arc foreland basins because the Western Canada
Sedimentary Basin (WCSB) underwent a foreland basin phase as part of its evolution;
consequently, a retro-arc foreland basin was formed. The SWS and UBF alloformations were
deposited during the foreland basin phase.
Accommodation is defined as “the space made available for sediments to accumulate” (Allen
and Allen 2013). In retro-arc systems accommodation is created by a combination of static loads
and dynamic loads (Fig. 2. 4) (DeCelles and Giles 1996; Catuneanu 2004a).
Static load comprises supralithospheric loads and sublithospheric loads (Fig. 2. 4).
Supralithospheric loads constitute the tectonic load imposed by the orogen, and the sediment
water mixture (Jordan 1981). Less important is the static sublithospheric load which constitutes
the gravitational pull exerted by the subducting slab of dense lithosphere (Busby and Ingersoll
1995; Catuneanu 2004a). Both mechanisms cause flexural deflection of the lithosphere
(Catuneanu 2004a).
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Figure 2. 4 Pro-arc (or peripheral) and retro-arc foreland systems. Tectonic setting and
controls on accommodation (static and dynamic loads). Modified from Catuneanu et al.
(1997) and Catuneanu (2004)
Particularly, the flexure of the lithosphere under tectonic loading by the orogen results in
partitioning into different depocenters (Catuneanu 2004a). DeCelles and Giles (1996) identify
these depocenters as wedge-top, foredeep, forebulge and backbulge (Fig. 2.5). The wedge-top is
the depozone where sediments accumulate on top of the frontal part of the fold-thrust belt
(DeCelles and Giles 1996). The foredeep is the zone ahead of the active system between the
orogenic wedge and the proximal flank of the forebulge (DeCelles and Giles 1996; Allen and
Allen 2013). The forebulge is the zone located between the foredeep and the back-bulge
depozones that is potentially subject to flexural uplift (DeCelles and Giles 1996). The backbulge is the shallow broad zone of potential subsidence cratonward of the forebulge (DeCelles
and Giles 1996).
The foreland system exhibits flexural behavior in response to orogenic cycles of loading and
unloading (Fig. 2. 6). Loading in the orogenic belt causes subsidence and sediment deposition in
the foredeep, and uplift in the forebulge (Beaumont et al. 1993). In contrast, orogenic unloading
causes isostatic rebound of the foredeep, compensated by subsidence of the forebulge
(Catuneanu 2004a).
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Figure 2. 5 General cross-section in a foreland basin, from the fold-thrust belt to the
craton, showing the four depositional zones. Modified from DeCelles and Giles (1996) and
Allen and Allen (2013). The loading and flexure of the basement by the thrust masses and
accreted terranes of the orogen (Price 1973; Beaumont 1981) creates accommodation for
the sediments eroded from the newly uplifted western source (the emerging fold-thrust
belt) (Beaumont 1981; Wright et al. 1994).

Figure 2. 6 Flexural profile in the foreland basin system. Accommodation varies during
loading and unloading episodes Modified from Catuneanu (2004)
The amount of subsidence in the foredeep and uplift of the forebulge is directly proportional to
the mass of the orogenic load and inversely proportional to the rigidity of the lithosphere
(Catuneanu 2004a). The basin fill takes on an overall wedge shape, since subsidence increases
towards the orogen in response to tectonic loading along the orogenic front (Catuneanu 2004a).
Dynamic subsidence or dynamic load is characteristic of retro-arc foreland basins, and it
occurs during slab subduction at oceanic-continent margins (Gurnis, 1990). Dynamic subsidence
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results from viscous coupling between the subducting slab, the overlying mantle-wedge material,
and the base of the overriding plate (Fig. 2. 4) (Mitrovica, Beaumont and Jarvis, 1989; Gurnis,
1990; DeCelles and Giles, 1996; Catuneanu, Beaumont and Waschbusch, 1997). This dynamic
load adds to the subsidence related to the load imposed by the orogen, tilting the entire flexural
profile towards the trench (Mitrovica, Beaumont and Jarvis, 1989; DeCelles, 2012).

2.4 Thermal regime in sedimentary basins
Because temperature exposure during burial is critical for hydrocarbon generation, it is important
to understand how heat propagates in sedimentary basins. The processes responsible for
permanent heat flow from the Earth’s interior to its surface are radioactive heat generation, and
earth cooling from primordial sources related to the formation of the planet (Beardsmore and
Cull 2001). Radioactive heat generation is a consequence of the spontaneous decay of
radioactive elements such as uranium, thorium and potassium. The magnitude of radioactive heat
generation is dependent on the composition of the crust and the different tectonic and volcanic
processes responsible for concentrating the incompatible elements (Beardsmore and Cull 2001;
Allen and Allen 2013).
The sources of terrestrial heat in the WCSB are the mantle, the crystalline basement and the
sedimentary rocks (Bachu and Burwash 1994). For most sedimentary basins, production of
internal heat in the sedimentary cover is usually about 10% of the basal heat flow ( heat
generated from lower crust and mantle) (Cacace et al. 2008). This is the case in the WCSB where
the heat production by the entire sedimentary column is negligible compared with the other
sources (Majorowicz et al. 2014).
Heat can be transferred in sediments by convection, radiation and conduction (Beardsmore and
Cull 2001; Cacace et al. 2008).
Convection requires the movement of fluid to transfer thermal energy. Convection is the
dominant process of heat transfer in the mantle (Allen and Allen 2013), although it also occurs in
sedimentary basins. In this last case, the moving fluids can be hot or cold and thus have a heating
or cooling effect (Cacace et al. 2008).
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Heat radiation consists of the transport of thermal energy via electromagnetic waves, usually
with wavelengths of 800 nm to 1mm. It is important in deep parts of the lithosphere and
asthenosphere but is negligible in crustal sediments (Hantschel and Kauerauf 2009; Allen and
Allen 2013).
Conduction is defined as the process of transfer of thermal energy by contact, governed by a
thermal gradient. It is the primary heat transport process in the shallow lithosphere, and the
controlling lithological parameter is the thermal conductivity (Allen and Allen 2013).
The fundamental relation for conductive heat transport is given by Fourier’s Law (Allen and
Allen 2013). Heat conductivity law (Fourier’s Law) states that the flux of heat (Q) between two
points is directly proportional to the geothermal gradient and is expressed as:
𝑄𝑄 = −𝐾𝐾 ∗

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

[2. 3]

Where Q is expressed in units of power per unit area (W/m2), K is thermal conductivity
expressed as power per unit distance per unit temperature (W/m°C). Negative heat flow is
conventionally taken to be in the direction of increasing temperature (Beardsmore and Cull
2001)
The geothermal gradient is the variation of temperature with depth (Allen and Allen 2013) and
is given by Equation [2.4], where T1 and T2 are the temperature at two points separated by a
distance Δz. The geothermal gradient is expressed in terms of temperature per unit distance
(°C/km) (Beardsmore and Cull 2001).

𝑑𝑑𝑑𝑑 (𝑇𝑇2 − 𝑇𝑇1 )
=
𝑑𝑑𝑑𝑑
∆𝑧𝑧

[2. 4]
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2.5

Well logging and the acoustic log

2.5.1 Wireline geophysical logging
Wireline geophysical well logging involves the continuous recording of a geophysical parameter
(characteristics of rock formations) along a borehole (Rider 1999; Ellis and Singer 2007). The
recording of the property is done when the drilling tools are no longer in the hole. The data is
taken downhole, transmitted through a wire to the surface and recorded there.
Another type of well logging is measurement while drilling (Rider 1999; Ellis and Singer 2007);
in this case the geophysical measurements are made as the drill string progresses downhole, and
transmission of the data to the surface is usually done as pressure pulses through the mud column
(Ellis and Singer 2007).
The process of logging involves the sonde or measuring tool, the wireline and the mobile
laboratory or instrumentation truck (Ellis and Singer 2007) (Fig. 2.7). Sondes are cylindrical
devices with an outside diameter of about 4 in; usually several sondes are connected forming tool
strings as long as 100 ft (Rider 1999). The sonde is attached to the wireline and lowered or raised
to the desired depth in the borehole by the instrumentation truck. The instrumentation truck is
equipped with surface recorders, data processing computers and a logging drum and cable (Rider
1999).
The sonde is sensitive to one or more formation parameters of interest (Ellis and Singer 2007). In
some cases, the measurement corresponds to a spontaneous property of the rock, for example
natural radioactivity (e.g., gamma ray log). In other cases the measurement can be a response of
an induced stimulus, such as the sonic log, in which the tool emits sound waves to the formation
and records the time it takes for the sound to reach a receiver at a set space along the tool (Rider
1999). The recorded property is plotted continuously against depth (Rider 1999).
In this study, wireline logs are an important source of subsurface rock characteristics. In
particular, the acoustic or sonic log, was used to estimate the magnitude of post-Eocene
exhumation in the basin, as explained in Chapter 6. Further information about the acoustic log is
provided below.
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Figure 2. 7 The elements of well logging: a sonde or measuring tool, a wireline and
an instrumentation truck.
Modified from Ellis and Singer (2007).

2.5.2 The acoustic or sonic log
The sonic log provides a recording of the time taken (interval transit time Δt) for a
compressional acoustic wave transmitted from a sonic sonde to travel across 1ft (30.48 cm) of
rock surrounding the borehole, to receivers in the sonde (Rider 1999; Ellis and Singer 2007;
Allen and Allen 2013). It is a measurement of the formation’s effect to change the velocity of the
transmitted sound waves. This property varies with lithology, rock texture and porosity and is
measured as Δt, which is the reciprocal of the compressional velocity (Rider 1999).
The sonic log is sensitive to textural variations and it can be used qualitatively to identify
lithology. The sonic log also has several quantitative uses. It can aid in seismic interpretation to
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give velocity profiles and interval velocities and can be calibrated with seismic sections. It is also
used as a tool to evaluate porosity (Rider 1999).

2.5.2.1 Sonic log as porosity estimator
When sediments are compacted, the reduction of porosity with increasing depth can be expressed
according to Athy's (1930) law (Equation [2. 3]), where porosity is denoted by Ø at a specified
depth z, the porosity at the surface is Ø0, and b is an empirical constant attained after fitting the
exponential relationship of porosity versus depth:
∅ = ∅0 𝑒𝑒 −𝑏𝑏𝑏𝑏

[2. 3]

The distribution of porosity with depth in a borehole can be determined from sonic logs using
Wyllie et al. (1956) equation, which relates compressional velocity and porosity:
1
∅ 1−∅
=
+
𝑉𝑉
𝑉𝑉𝐿𝐿
𝑉𝑉𝑀𝑀𝑀𝑀

[2. 4]

where V is the tool- measured velocity, VL is the velocity of the interstitial fluid, and VMA is the
velocity of the matrix.

Replacing V by Δt:
𝛥𝛥𝛥𝛥 = ∅𝛥𝛥𝛥𝛥𝐿𝐿 + (1 − ∅)𝛥𝛥𝛥𝛥𝑀𝑀𝑀𝑀

[2. 5]

where Δt is the tool-measured interval transit time, ΔtL is transit time of the interstitial fluid, and
ΔtMA is transit time of the matrix.
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2.5.2.2 Log characteristics
The depth of investigation is dependent on the signal wavelength; the greater the wavelength, the
greater the penetration. Penetration typically varies between 2.5 cm and 25 cm from the borehole
wall. For a particular frequency, penetration is greater in high velocity formations (Rider 1999).
The vertical resolution of the sonic log is equivalent to the distance between receivers, which is
typically 61 cm (Rider 1999). The ability to detect —but not resolve— beds thinner than 60 cm
depends on the slowness contrast between adjacent beds.

2.5.2.3 Environmental effects
Cycle skipping occurs in poor boreholes, when the first compressional wave arrival is too weak
to activate the receiver, which is activated by the second wave arrival. Consequently, the
recorded time is too long and hence the transit time increases, showing abrupt spikes (Rider
1999; Ellis and Singer 2007). Another environmental effect that causes low transit time is noise
triggering, which is the activation of the receiver by random noise (Rider 1999).

2.6 Compaction
Compaction is defined as the reduction of the volume of sediments, dominantly by the reduction
of the pore space between solid matrix components, as a result of loading. The loading takes the
form of the gravitational weight of an overlying column of water-saturated sediments (Giles et
al. 1998; Allen and Allen 2013).
The loading of the overlying sediments results in vertical compressive stress (S) (Osborne and
Swarbrick 1997; Allen and Allen 2013), which is expressed in Equation [2. 6]. In this equation
ρb is the average water saturated bulk density and 𝑔𝑔 is acceleration due to gravity (Osborne and
Swarbrick 1997).

𝑆𝑆 = 𝑧𝑧 ∗ 𝜌𝜌𝑏𝑏 ∗ 𝑔𝑔

[2. 6]
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Part of the vertical load is supported by fluids in the pores and the other part by the solid matrix
(effective stress) (Osborne and Swarbrick 1997). The relationship between effective stress and
vertical compressive stress is given by Equation [2. 7] (Terzaghi 1936), where σ is the effective
stress and P is the pressure of the fluids in the pore space (pore pressure):
𝜎𝜎 = 𝑆𝑆 − 𝑃𝑃

[2. 7]

The ratio of pore pressure to overburden pressure is defined as λ = P/S. In undercompacted
sediments, for example, as the sediment load increases, the extra vertical stress is taken up by the
pore pressure, therefore λ and P increase. With time, water is expelled from the pores,
consequently reducing pore pressure and increasing effective stress. The increase in effective
stress results in compaction of the grains and reduction of porosity (Allen and Allen 2013).
When the pore pressure is normal, which is equivalent to the hydrostatic pressure, the pore fluids
are at a pressure equivalent to the head of a static body of water, and the stratigraphic layer is
supported by grain to grain contact (Allen and Allen 2013). In Equation [2. 8] ρw is the density of
the pore water.

𝑃𝑃 = ρ𝑤𝑤 ∗ 𝑔𝑔 ∗ 𝑧𝑧

[2. 8]

When the pore pressure is abnormally high, it is called overpressure, which is defined as “ a state
wherein the fluid pressure within the pore spaces exceeds the hydrostatic gradient (10 kPa m-1)”
(Eaton and Schultz 2018). Overpressure in sedimentary basins can be generated by loading and
unloading mechanisms (Abualksim and Rezaee 2015). Loading mechanisms include inhibited
pore-water expulsion in low-permeability sediments experiencing rapid burial (undercompaction
or disequilibrium compaction) (Osborne and Swarbrick 1997; Rider 1999), and lateral tectonic
loading causing increased pore pressure due to lateral stress (Van Ruth et al. 2003). Unloading

30

mechanisms include fluid expansion due to petroleum generation and gas cracking (Osborne and
Swarbrick 1997; Rider 1999; Hansom and Lee 2005), and clay diagenesis due to temperature
induced clay dehydration (Hower et al. 1976; Abualksim and Rezaee 2015).
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Chapter 3

3

Geological setting
3.1 Overview

In this chapter, the geological context under which the sediments of the SWS and UBF were
deposited is reviewed. Beginning with the origin of the WCSB basin and its main characteristics
(e.g., basement assemblage, geothermal regime, petroleum systems), to the lithological and
stratigraphic characteristics of the SWS and UBF, the chapter summarizes the general
paleogeographic and depositional conditions during Cretaceous time before focusing on the
lithological and stratigraphic characteristics of the SWS and UBF. Furthermore, since PostLaramide exhumation is a critical input into the basin models, a review of the existing models is
provided at the end of the chapter.

3.2 Geological setting and characteristics of the Western
Canada Sedimentary Basin
3.2.1 Origin of the Western Canada Sedimentary Basin
The Western Canada Sedimentary Basin is a northeasterly tapering wedge of sedimentary rocks
that extends from the Canadian Shield to the Cordillera Foreland Thrust Belt (Porter et al. 1982;
Mossop and Shetsen 1994).
The evolution of the basin occurred in two distinct phases (Fig. 3.1). The first phase consisted of
a Late Proterozoic to Middle Jurassic passive margin platform phase (Porter et al. 1982).
Subsequently, a compressional phase resulted in the development of a retro-arc foreland basin
that evolved in two stages, from Middle/Late Jurassic to Early Cretaceous (Columbian Orogeny)
and Late Cretaceous to Paleocene times (commonly referred to in the literature as the Laramide
Orogeny) (Porter et al. 1982; Leckie and Smith 1992; Kauffman and Caldwell 1993).The
compressional phase ended with renewed uplift and consequent erosion in the Middle Eocene
(Wright et al. 1994).

32

Figure 3. 1 A) Isopach map of the Western Canada Sedimentary Basin, showing the main
structures. The grey isopach contours are labeled in kilometers, and the red boundary
refers to the limits of the study area. B) Chronostratigraphic chart and summary of the
main tectonic events. GSLSZ: Great Slave Lake shear zone. STZ: Snowbird Tectonic Zone.
Adapted from Ross and Eaton (1999), Creaney and Allan (1992) and Wright et al. (1994)

3.2.1.1 Passive margin phase
From Late Proterozoic to Middle/Late Jurassic time, the western edge of North America existed
as a stable passive margin, where carbonate and craton-derived clastic sediments were deposited
(Monger 1994). This phase involved transgressive onlap of the Precambrian basement and
formation of epeirogenic arches and basins on the cratonic platform (Porter et al. 1982).

3.2.1.2 Foreland phase
The formation of the retro-arc foreland basin (Western Canada Foreland Basin (WCFB)) (Figure
2. 4) started in Middle to late Jurassic, when the opening of the Atlantic ocean caused a
northwestward drifting of North America (Engebretson et al. 1985). As consequence, the
Farallon Plate located to its west began to obliquely subduct beneath the western margin of the
North American plate (Engebretson et al. 1985).
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Allochthonous terranes (Intermontane Terrane) to the west of North America that had been
previously amalgamated by latest Triassic to early Jurassic (Porter et al. 1982), were accreted
and obducted onto the plate margin of North America, leading to the formation of the
Cordilleran Fold and Thrust Belt (Price 1973; Gabrielse and Yorath 1989; McMechan and
Thompson 1993; Monger and Price 2002; Evenchick et al. 2007).
The tectonic thickening of the allochthonous terranes resulted in loading and flexural
downwarping of the lithosphere and consequently creation of the foreland basin (Price 1973;
Gabrielse and Yorath 1989; Evenchick et al. 2007). The collision of the Intermontane Terrane
initiated the first major pulse of subsidence in the basin; this event is known as the Columbia
Orogeny (Porter et al. 1982).
By Late Cretaceous to Paleocene another super terrane, the Insular Terrane, collided with the
Intermontane Terrane. The collision initiated the Laramide Orogeny (Porter et al. 1982) and
resulted in another pulse of subsidence (Price 1994). Cessation of thrusting during late Paleocene
to Eocene lead to erosion across the orogen, which caused isostatic rebound of the basin (Cant
and Stockmal 1989; Leckie and Smith 1992). The uplift resulted in a regional erosional
unconformity (Cant and Stockmal 1989). Quantifying the magnitude of erosion during this event
is one of the objectives in this study.
Figure 3.2 shows the tectonic terranes and their relationship with the foreland basin. Figure 3.3
offers a summary of the evolution of the basin during the foreland phase.
In retro-arc foreland basins, the basin fill takes on an overall wedge shape, in response to tectonic
loading along the orogenic front (Catuneanu 2004a). As an example, in the WCSB the thickness
of the asymmetrical supracrustal wedge increases southwestward from a tapered onlap onto the
Canadian Shield, to over 6000 m under the deformation front (Fig. 3. 1). Figure 3. 3 shows a
cross-section from Wright et al. (1994) showing the geometry of the supracrustal wedge strata
from east of the Cordilleran Fold and Thrust Belt to the Canadian Shield. This cross section
intersects the area of interest in this study.
Subsidence in the basin has been explained on the basis of flexural downwarping related to the
static loading of the accreted terranes of the Cordilleran orogen (Beaumont 1981). However, it is
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recognized that the thickness and width of the foreland basin are too large to be a consequence of
just static loading (Miall et al. 2008). Other studies (Mitrovica et al. 1989; Gurnis 1990;
Catuneanu 2004a; Liu and Nummedal 2004; Liu et al. 2014; Tufano and Pietras 2017) have
shown that dynamic slab load also contributes to subsidence in retro-arc foreland basins, which
is the case of the WCFB (Catuneanu et al. 1997; Catuneanu 2004a; Tufano and Pietras 2017).
The flexural pattern along the western margin of North America and the evolution of depocenters
in the foreland basin were controlled by the convergence of oceanic plates with North America,
via tectonic mechanisms that acted locally through thrust sheets loading and weakness zones, and
through the accreted terranes at cordilleran scale < 300 km scale (Plint et al. 2012b).
Foreland basin stratigraphy records the history of flexural loading of the lithospheric plate (Cant
and Stockmal 1989). Analysis of allostratigraphic units from Cretaceous strata spanning tens of
millions of years have revealed the occurrence of local depocenters that shifted along strike by
several tens to hundreds of kilometers(Varban and Plint 2005; Roca et al. 2008; Hu and Plint
2009; Tyagi 2009; Plint et al. 2012b; Grifi et al. 2013a). This suggests that the loci of
subsidence, loading and active thrust advance were spatially non-uniform, changing on a short
time scale (i.e., <~10 ky) (Plint et al. 2012b). The migration of depocenters, their orientation, and
the migration of the forebulge was subject to the orientation of the load (Plint et al. 2012b).
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Figure 3. 2 Tectonic belts of the Western Canada Sedimentary Basin. Modified from
Leckie and Smith (1992).
During the deposition of the SWS during Late Cenomanian through Early Turonian time, a pulse
of global eustatic rise was accompanied by the onset of major flexural subsidence that took place
parallel to the present Rocky Mountains, along a NW-SE trending axis (Varban and Plint 2008;
Plint et al. 2012b). To the west, close to the deformation front, terrigenous sandstones were
deposited, whereas in the east organic and clay-rich mudstones were deposited in the forebulge,
suggesting that this area was submerged, probably due to the high eustatic sea level (Plint et al.
2012a). In the Early Turonian, the location of the forebulge was parallel to the load (Figure 3. 5)
and the area under study was in the foredeep depozone at that time (Plint et al. 2012b).
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Figure 3. 3 Schematic illustration of the evolution of the Rocky Mountain Fold and Thrust
Belt. a) From Late Proterozoic to Middle Jurassic, the western edge of North America
consisted of a passive margin. Several allochthonous terranes (Intermontane belt) were
amalgamating during Early Jurassic. b) Collision of the Intermontane with the western
margin of North America, which caused thickening of the crust and represents the onset of
the Cordillera Fold and Thrust Belt. c) By Early Cretaceous the direction of the
overthrusting changed from sinistral to dextral motion, exerting transpressional forces
along the Cordillera d) During Late Cretaceous to Paleocene the Insular Terrane collided
with North American craton. The foreland stage ended during late Paleocene. (adapted
from Wright et al. 1994)
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Figure 3. 4 Cross-section from east of the Canadian Fold and Thrust Belt to the Canadian
Shield in the Western Canada Sedimentary Basin. The cross-section is represented in the
reference map as a red line. The study area, enclosed by a black square in the reference
map, is intersected by this cross-section. SWS in this figure refers to Second White Specks
Fm. Adapted from Wright et al. (1994).
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Figure 3. 5 Paleogeography during Early Turonian time. The loading and active thrust
advanced changed with time. During early to middle Turonian, the load had a NW-SE
trend. As a consequence, the forebulge axis had a similar trend, both parallel to the
deformation front. In the study area (enclosed by the blue line) the SWS and UBF
alloformations were deposited in the foredeep depozone. Modified from Plint et al. (2012b).
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3.2.2 Thermal regime in the WCSB
3.2.2.1 Geothermal gradient
The present-day geothermal gradient in the basin, determined on the basis of borehole
temperature data, increases northerly, changing from 20°C/km in southern Alberta to more than
50 °C/km in the northern part of the basin (Bachu and Burwash 1994; Majorowicz 2016). Figure
3. 6 shows the variation of the geothermal gradient across the basin estimated by Weides and
Majorowicz (2014) and Majorowicz (2016).
Determinations of the paleogeothermal gradient in certain regions of the basin at maximum
burial depth has been done using different techniques. In central Alberta studies using principles
of aromatization and isomerization of biomarkers found that the geothermal gradient in the area
has been constant since maximum burial depth (Late Paleocene), changing from 27 °C/km in the
foothills to 40°C/km in the Edmonton area (Beaumont et al. 1985). In the same area, apatite
fission track method used by Ravenhurst et al. (1994) have yielded paleogeothermal gradients
increasing from east to west from 20°C/km near the deformation front to 45 to 40°C/km near the
craton edge. The Ravenhurst et al. (1994) study found that the paleogeothermal gradient to the
west was lower than the present geothermal gradient, whereas to the east the geothermal gradient
remained almost constant. In an independent but similar study in Central Alberta, Issler et al.
(1999), also using apatite fission track methodology, determined that the paleogeothermal
gradient before uplift and erosion had a variation of 20 °C/km in the west to 60°C/km to the east.
The present-day geothermal gradient in the same area has a similar pattern but narrower ranges
(30-45°C/km).
In the Peace River Arch area the paleogeothermal gradient was determined along an SW-NE
transect using apatite fission track, giving a variation from 35 to 40 °C/km to the west to 30-60
°C/km to the east (Issler et al. 1990, 1999)

3.2.2.2 Heat flow
The basement heat flow across the WCSB shows a NNE increase trend (Bachu 1993;
Majorowicz 2016), similar to the trend displayed by the geothermal gradient in the sedimentary
succession. The basement heat flow, estimated as the difference between the heat flow of the
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sedimentary sequence and the heat generated by radioactive decay in the sediments, increases
northerly from less than 30 - 40 mW/m2 in southern Alberta, to more than 80 mW/m2 in northern
Alberta and Northwest Territories (Fig. 3. 7) (Bachu 1993; Bachu and Burwash 1994). In
general, the basement heat flow is low in the Archean Provinces, moderate in the areas of
orogenic belts and accreted terranes, and high in the magmatic arcs (Bachu 1993).
The heat flow in the sedimentary sequence, estimated using geothermal gradients and average
conductivities (data points shown on map, Fig. 3. 6), varies from about 40 mW/ m2 in southern
Alberta to 70-100 mW/ m2 in the northern part of the basin (Fig. 3. 8) (Weides and Majorowicz
2014; Majorowicz 2016).

Figure 3. 6 Average geothermal gradients through sedimentary strata. Modified from
Weides and Majorowicz (2014) and Majorowicz (2016) The wells with thermal
conductivity are represented by black circles in the map. The black dashed line represents
the boundary of the study area.
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Figure 3. 7 Basement heat flow in the WCSB. Modified from Bachu and Burwash (1994).
Dashed lines represent the boundaries of the study area.

3.2.2.3 Factors influencing the geothermal gradient and heat flow
in the WCSB
3.2.2.3.1 Convection versus conduction
Two potential explanations for the geothermal gradient and heat flow variations are: Heat
advection by the regional hydrodynamic system in the basin (Majorowicz and Jessop 1981;
Hitchon 1984; Beaumont et al. 1985; Issler et al. 1990, 1999; Ravenhurst et al. 1994a) and
conductive heat transport, locally disturbed by fluid advection of heat (Bachu 1993; Bachu and
Burwash 1994).
The theory of heat advection refers to the influence of a basin-scale hydrodynamic system in the
heat distribution in the basin. This theory assumes that cold meteoric water enters in the
sedimentary sequence through high topographic areas, and is heated at depth, depressing the
temperature gradient. In contrast, in low topographic areas corresponding to low potentiometric

42

surfaces, the geothermal gradient is enhanced by the discharge of warm water that has been
previously heated at higher depth in the basin (Hitchon 1984). This process was possibly active
near the end of the Laramide orogeny where relief was high in the west (Ravenhurst et al.
1994a).
Bachu (1995), argued that the theory of heat advection is not consistent with the fluid-flow in the
basin. Bachu (1995) synthesized several studies of local hydrodynamic regimes in the basin (
e.g., Toth (1978), Hitchon (1984), Bachu and Underschultz (1993)), and developed a regional
fluid flow model (Fig. 3. 9). According to Bachu (1995) there are two megahydrostratigraphic
successions in the WCSB, the pre-Cretaceous sequence and the post-Jurassic sequence. In the
pre-Cretaceous sequence, basin-scale topography-driven flow occurs in the Devonian and
Mississippian sequences, from recharge in Montana to discharge in northeastern Alberta. There
is also a southwest to northeast regional scale flow that may be related to transient tectonic
processes. In the shallower post-Jurassic sequences the flow is driven by local topography.
Particularly, in southwestern Alberta flow in the post-Jurassic sequence is driven westward
downdip the deformation front due to sub-hydrostatic pressure caused by erosion. Bachu’s
(1995) model concludes that no basin-scale recharge takes place in Alberta, therefore the heat
advection theory does not explain heat distribution in the basin.
Further work has supported Bachu’s (1995) conclusions. Numerical models have demonstrated
that fluid fluxes are too slow (e.g., 4-9 mm/year in Cretaceous Mannville aquifer) to explain the
heat flow and geothermal gradient variability (Majorowicz et al. 1999; Adams et al. 2004;
Weides and Majorowicz 2014).

3.2.2.3.2 Basement assemblage complexity
Another alternative explanation is that the northerly increasing trend of the geothermal gradient
and basement heat flow may be related to the complexity of the basement assemblage (Fig. 3.
10), and conductive heat transport (Bachu, 1993; Majorowicz, 2016).
In southern Alberta and Manitoba, the basement consists of blocks of the Archean Hearne
Province (> 2.5 Ga) (Ross et al. 1991); this area shows the lowest basement heat flow ( 30-40
mW 2/m) and geothermal gradient (Bachu 1993). In contrast, in areas where the basement
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consists of younger magmatic arcs (2.0-1.8 Ga) like central and northern Alberta, Northwest
Territories, and northeastern British Columbia (Ross et al. 1991), the basement heat flow (60-80
mW2/m) and geothermal gradient are very high (Bachu 1993). Furthermore, areas where the
basement comprises orogenic belts and juvenile Proterozoic Terranes (2.0 – 1.8 Ga) in
Saskatchewan and Manitoba (Ross et al. 1991) have moderate basement heat flow (50 – 60
mW2/m) and geothermal gradient (Bachu 1993). Similarly, a moderate basement heat flow and
geothermal gradient is shown in central Alberta and north to northwest territories (Bachu 1993),
where accreted terranes of intermediate age are present (2.4-2.0 Ga) (Ross et al. 1991).
According to these observations, the basement heat flow and geothermal gradient are determined
by the structural complexity of the basement assemblage which reflect different tectonomagmatic events spanning a wide range of ages (Bachu 1993).

3.2.2.3.3 Radiogenic heat generation
The high geothermal gradient in the northern part of the basin (i.e., Northeast British Columbia,
Northwest Territories and Northwest Alberta) is possibly related to high radiogenic heat
generation in the southern extension of the Great Bear Magmatic Arch. The low geothermal
gradients in Southern Manitoba, Saskatchewan and Alberta corresponds to low radiogenic heat
generation in Archean rocks (Bachu and Burwash 1994). This theory, however, has been debated
because some studies (Jones and Majorowicz 1987; Weides and Majorowicz 2014; Majorowicz
2016) found no correlation between heat generation from the basement, and geothermal gradient
and heat flow.
Because of these inconsistencies, the factors responsible for controlling heat distribution in the
basin are not well understood (Weides and Majorowicz 2014). The most recent study, by
Majorowicz (2016), suggests that a thicker than normal upper crust with high heat generation
may explain the high heat flow areas in the north of the basin, but further research needs to be
done to address the regional variations.
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Figure 3. 8 Average heat flow throughout the sedimentary basin (Modified from Weides
and Majorowicz 2014, Majorowicz 2016). Heat flow calculated from thermal conductivities
and geothermal gradients from the sedimentary succession. The dashed line represents the
boundary of the study area (Majorowicz et al. 2014).
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Figure 3. 9 Model of the flow of formation waters in Alberta. 1. Topography-driven flow
and 2. Erosion rebound-driven flow in the post Jurassic sequences. 3. Northeastward basin
scale flow and 4. Southwest to northeast basin-scale flow possibly related to transient
tectonic effects (Modified from Bachu (1995).
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Figure 3. 10 Basement domain map of Alberta showing domain boundaries and ages. Red
square encloses the study area. GSL: Great Slave Lake shear zone. STZ: Snowbird
Tectonic Zone (Modified from Ross et al. (1991)).
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3.3 Depositional conditions, sedimentology, stratigraphy,
and geochemistry of the SWS and UBF alloformations
3.3.1 Paleoceanography and paleoenvironment
The Cretaceous SWS and UBF alloformations were deposited under fully marine conditions in
the Western Interior Seaway (Schröder-Adams et al. 1996; Prokoph et al. 2013a). The Western
Interior Seaway (WIS) was an epicontinental shallow sea that existed from Early Cretaceous to
Early Paleocene in western North America (Nicholls and Russell 1990; Kauffman and Caldwell
1993).
The origin of the Seaway is related to the formation of the Western Interior Basin, and
alternating eustatic changes (Kauffman and Caldwell 1993). The adjacent oceans (Boreal and
Gulf of Mexico) inundated North America in response to craton downwarping, which resulted
from the subduction of the Farallon Plate beneath North American plate and the accretion and
obduction of allochthonous terranes onto the plate margin (Bond 1976; Jordan 1981; Mitrovica
et al. 1989; Gurnis 1990; Catuneanu 2004a; Liu and Nummedal 2004; Liu et al. 2014), (see
section 3.2.1). Furthermore, the loading of the plate margin was coeval with global sea level
rising related to elevated sea-floor spreading rates in the mid-ocean ridge system in the North
Atlantic and Pacific Oceans (Hays and Pitman 1973; Larson 1991) . Changes in these rates may
have caused changes in the subduction rate of the Farallon Plate beneath North America and
consequently changes in the rates of dynamic subsidence (Lowery et al. 2018).
The WIS paleo-oceanographic dynamic was primarily driven by second and third order marine
transgression and regression cycles (Kauffman 1977; Hay et al. 1993a). The most extensive and
globally synchronous was the early Cenomanian-Middle Turonian Greenhorn Cycle (Kauffman
and Caldwell 1993). The SWS and UBF alloformation were deposited during the Greenhorn
Cycle (Schröder-Adams et al. 1996; Prokoph et al. 2013a).
The Greenhorn marine cycle represents the highest sea level increase in the WIS (Kauffman
1977); major marine inundations during this cycle are separated by major sea level drops
(Schröder-Adams et al. 1996). The Greenhorn cycle started with the latest Albian transgression
of the Shell Creek-Mowry Sea from the North (Kauffman and Caldwell 1993). Figure 3.11A
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shows the late Albian Mowry Sea, prior to the incursion of southern waters from the Gulf
Mexico in the Early Cenomanian (Figure 3.11B), which had been prevented from entering into
the seaway by a tectonic barrier, the Trans-continental Arch, until latest Albian to early
Cenomanian (Kauffman and Caldwell 1993). The Greenhorn cycle reached near peak flooding
during latest Cenomanian to early Turonian (Kauffman and Caldwell 1993) (Figure 3.11 C and
D) and ended in the middle Turonian (Hay et al. 1993b) (Figure 3.12). The pattern of circulation
consisted of an estuarine counter-clockwise gyre that occupied the north-south extent of the
seaway (Slingerland et al. 1996; Elderbak et al. 2014).
The factors controlling the accumulation of OM rich sediments in the WIS has been extensively
discussed (e.g. Pratt 1984, Schröder-Adams et al. 1996, Slingerland et al. 1996, Kump and
Slingerland 1999, Schröder-Adams 2014). The high sea level during the deposition of the UBF
and SWS (upper Cenomanian/Turonian) (Kauffman 1977; Caldwell et al. 1993) was
accompanied by elevated global temperatures triggered by large-scale magmatic activity (Leckie
et al. 2002; Turgeon and Creaser 2008). The humid and warm conditions led to the occurrence of
the Oceanic Anoxic Event II (OAE II) (Schlanger and Jenkyns 1976; Arthur et al. 1987). The
OAE II records a period of accelerated hydrological cycle, increased continental weathering,
high primary productivity and expansion of the oxygen minimum zone in restricted oceans and
seaways (Jenkyns 2010). As a result, in many basins around the world, organic-rich sediments
were deposited and preserved under anoxic conditions (Schlanger and Jenkyns 1976; Arthur et
al. 1987). Moreover, in the WCSB, the maximum OAE II δ13Corg-excursion was coeval with the
volcanic eruption related to the Bighorn River “Red” Bentonite (93.5 Ma) (Prokoph et al.
2013a), which was identified by Tyagi et al. (2007) as the boundary between the UBF and the
SWS alloformations (Figure 3.12).
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Figure 3. 11 Evolution of the Western Interior Seaway from Latest Albian to Early
Turonian, during the Greenhorn Cycle. A) Transgression of the Shell Creek- Mowry Sea
from the North. There was no connection with the Gulf of Mexico B) Onset of the
connection between southern waters (Gulf of Mexico) and northern waters (Boreal). C) late
Cenomanian and D) early Turonian. Peak flooding of the Greenhorn cycle occurred
during latest Cenomanian to early Turonian; during this time, the SWS and UBF were
deposited. Arrows represent the estuarine counter clock gyre circulation pattern; red
arrow represents warm Tethyan waters, and blue arrow represents cold Boreal waters.
Adapted from: (Colorado Plateau Geosystems Inc 2014) .
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Figure 3. 12 Lithostratigraphic and the equivalent allostratigraphic framework of
Cretaceous Colorado Gp. strata across the proximal and distal foredeep, and backbulge
depozones of the WCFB. Adapted from Flynn and Cheadle (2014). Long-term and shortterm global sea level changes from Haq (2014). WIS sea level changes from Kauffman and
Caldwell (1993). Ages of the labelled boundary discontinuities are approximated between
radiometric and biostratigraphic controls. Stages ages are from the International
chronostratigraphic chart v2018/08
During the OAE II, the humid and warm conditions favoured the input of nutrients to marine
shelf ecosystems in the basin, which increased the surface water productivity, and delivery of
organic matter from terrestrial environments (Schröder-Adams et al. 1996; Schröder-Adams
2014). The input of nutrient-rich water mass from oxygen minimum zones of the adjacent seas
into the basin during transgression may have also supplied nutrients that stimulated primary
productivity (Arthur and Sageman 2005). The warm waters from the Gulf of Mexico entered the
northern part of the basin, bringing foraminifers and coccolithophores that migrated to the north
(Schröder-Adams et al. 1996)

51

The existence of persistent or intermittent water anoxia in the basin during the Cretaceous time,
which favours the preservation of organic matter, has been debated. It has been proposed that the
water column was density stratified as a consequence of warm surface waters from the Gulf of
Mexico flowing over cold water from the Arctic Ocean (Kauffman 1988; Hay et al. 1993b).
These two water masses probably mixed through a process called caballing, to form a third
denser water mass that sank and flowed out of the sea as a bottom current (Hay et al. 1993a).
The stratification may have also been enhanced by freshwater run-off into the basin, which
created a difference in salinity that prevented ventilation of deep waters (Pratt 1984; Kauffman
1988; Schröder-Adams 2014). However, circulation models demonstrated that persistent
stratification and water anoxia was not sustainable for long periods of time in well-mixed
shallow seas like the WIS (Slingerland et al. 1996; Kump and Slingerland 1999).
Alternatively, recent studies (Arthur and Sageman 2005; Lowery et al. 2018) have shown that the
combination of water mass source and mixing, and sea level played an important role in
controlling the water oxygenation, as suggested by previous work (e.g., Hay et al. 1993), but in a
more dynamic and complex way (Figure 3.13). During regression, the reduced input of water
from the adjacent open oceans weakened the downwelling of well-oxygenated waters and caused
bottom-water anoxia. (Arthur and Sageman 2005; Lowery et al. 2018). During transgressions,
the increased input of water masses from the Boreal and Tethyan into the seaway favoured the
mixing and downwelling of well-oxygenated surface water to the bottom (caballing), and no
stratification was created (Lowery et al. 2018). During late transgression/highstand, the input of
low oxygenated waters from the open oceans decreased the level of oxygen of the water column
and favoured the stratification (Arthur and Sageman 2005; Lowery et al. 2018) (Figure 3.13).
The occurrence of intermittent anoxia and stratification is further supported by evidence
provided by biomarkers (low concentrations of gammacerane, a biomarker indicative of water
column stratification) (Furmann et al. 2015), sedimentary features like bioturbation, and the
presence of abundant inoceramids, suggesting that there were alternating oxic to anoxic
conditions during the deposition of the SWS and UBF, at least in the central and south part of the
WIS ( Plint et al., 2012; Furmann et al., 2015).
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Figure 3. 13 Model of the relationship between sea level and bottom water oxygenation in
the Western Interior Seaway. Adapted from (Lowery et al. 2018). Sea level trend from
(Kauffman and Caldwell 1993). 1) When sea level is low, the reduced input of mass water
from the adjacent oceans (Cold brackish oxygen-rich water from the north Boreal Sea and
warm saline oxygen-poor waters from the Gulf of Mexico to the south), favors stratification
conditions leading to anoxia. 2) During transgression, the input of fresh surface water from
the adjacent oceans favored the mixing of the two water masses, and downwelling of a third
denser water mass to the bottom (caballing). 3) Increasing sea level brings low oxygenated
water to the basin, favoring the development of dysoxic conditions.
High sedimentation rates during deposition of the SWS and UBF are related to a high influx of
clastic sediments from the west (Schröder-Adams et al. 1996). The high sedimentation rate may
have favored rapid burial of the organic matter and reduced its residence time in the water
column (Plint et al., 2012). Furthermore, it has been observed that OM in the SWS Formation is
associated with clay minerals, forming organomineralic aggregates (Jiang and Cheadle 2013).
In summary, organic productivity in the water column was high during late Cenomanian/ early
Turonian time, when the SWS and the UBF were deposited, which favored the deposition of OM
dominated by kerogen type II (Schröder-Adams et al. 1996; Bloch et al. 1999; Furmann et al.
2015). The conditions under which the OM was preserved are still under discussion. The
exposure of OM to degradation agents in the water column may have been reduced due to rapid
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delivery to the bottom, as consequence of the formation of organomineralic aggregates (Simon et
al. 2002; Macquaker et al. 2010), and/or high sedimentation rate. However, redox conditions
remain unclear. Although some evidence favours an interpretation of persistent water anoxia and
low energy environment (Schröder-Adams et al. 1996; Bloch et al. 1999), other evidence
suggests a more complex system controlling the oxygenation of the basin (Arthur and Sageman
2005; Lowery et al. 2018), dynamic conditions at the seafloor ( Plint et al., 2012) and
intermittent anoxia (Furmann et al. 2015).

3.3.2 Stratigraphic context and nomenclature in Canada
The SWS Formation is included in the Cretaceous Colorado Group. The stratigraphic
nomenclature for the Colorado Group has been extensively studied (Stott 1963, 1967, 1982; Wall
and Rosene 1977; Caldwell et al. 1978; McNeil 1984; Bloch et al. 1993; Leckie et al. 1994a;
Simons et al. 2003; Nielsen et al. 2003; Tu et al. 2007). Especially in the foothills region, the
nomenclature of the Colorado Group is well-established (Stott 1963, 1967; Wall and Rosene
1977).
The Albian-Turonian sequence of the Lower Colorado Group was formally divided in ascending
order into the Fish Scale, Westgate, Belle Fourche and Second White Specks Formations by
Bloch et al. 1993, and advanced by Schröder-Adams et al. 1996 and Bloch et al. (1999) (Figure
3. 12).
In the south and central foothills, rocks of the Lower Colorado Group are assigned to the
Blackstone Formation, which was lithostratigraphically subdivided from base to top into the
Sunkay, Vimy, Haven and Opabin members (Stott 1963). The Sunkay Member. is equivalent to
the Westgate, Fish Scale and Belle Fourche formations (Tyagi et al. 2007) (Figure 3. 14). The
Second White Specks Fm. has been considered to be equivalent to the Vimy Member. (SchröderAdams et al. 1996; Bloch et al. 1999), although Tyagi et al. (2007) used regional
allostratigraphic correlations to argue that the base of the SWS, as defined by Bloch et al.
(1993;1999), is equivalent to the Sunkay Member in the foothills (Figure 3.14).
Lithostratigraphic correlations are done on the basis of lithological characteristics and
stratigraphic position (NACSN 1983, 2005). In comparison, allostratigraphic methods subdivide
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the rock sequences according to bounding discontinuities (NACSN 1983, 2005), which
approximate time-stratigraphic surfaces (Vail et al. 1977). This chronostratigraphic proxy
provides a refined temporal resolution that improves the understanding of the lateral
relationships between strata. The allostratigraphic method facilitates reconstruction of subsidence
history and paleogeographic evolution of a basin with greater accuracy than using
lithostratigraphy (Tyagi et al. 2007; Roca et al. 2008; Flynn and Cheadle 2013).
Allostratigraphic correlations have been established for the Dunvegan and Kaskapau formations
of northeast British Columbia and northwest Alberta (Varban and Plint 2005). Tyagi et al. (2007)
traced principal bounding surfaces from these alloformations southward into equivalents of the
Blackstone Fm. Furthermore, the allostratigraphic framework was extended eastward towards the
Alberta plains and Saskatchewan (Tyagi et al. 2007; Flynn and Cheadle 2013) to compare with
the lithostratigraphic and biostratigraphic framework set by Bloch et al. (1993) and Bloch et al.
(1999) (Figure 3.12).
The Lower Colorado Group above Fish Scale was subdivided by Tyagi (2009) into the SWS
alloformation and the UBF and Lower Belle Fourche (LBF) alloformation. As previously stated,
core data in this study covers the SWS alloformation and UBF alloformation.
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Figure 3. 14 Diagram showing the lateral relationships across the WCSB in the Lower
Colorado Gp. Highlighted in green is the Second White Specks Fm. and its time
equivalents. Modified from Tyagi et al., (2007).
The allostratigraphic correlations from Tyagi et al. (2007) revealed significant inconsistencies in
the subdivision proposed by Bloch et al. (1993), especially for the base of the Second White
Specks Fm. The base of this formation was defined by Bloch et al. (1993), as equivalent to the
base of the Vimy Member in the foothills, marked by an abrupt change to a calcareous matrix or
presence of speckled shale. However, Tyagi et al. (2007) demonstrated that the appearance of the
speckled shale is highly diachronous and is not diagnostic to any particular formation (Ridgley et
al. 2001). Therefore, it was proposed that the base of the Second White Specks Formation was
placed on the Bighorn River Bentonite (red bentonite), a volcanic ash bed traceable across the
basin that lies just above the Cenomanian-Turonian boundary (Tyagi et al. 2007). In addition,
although Bloch et al. (1993) and Bloch et al. (1999) also suggested that the base of the Second
White Specks Formation coincides with the Cenomanian- Turonian boundary, this surface is
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marked in their stratotype section in Youngston in Alberta below this boundary and is equivalent
to the upper Sunkay Member. of the Blackstone Formation, which is below the Vimy Member
(Figure 3.14).
This study adopts the allostratigraphic framework developed by Tyagi et al. (2007) and Flynn
and Cheadle (2013) (Figure 3.12). In this context, the SWS and UBF alloformations are time
equivalent to the upper Second White Specks Formation, lithostratigraphically defined by Bloch
et al. (1993). The SWS alloformation is time equivalent to the Vimy Member. and the UBF is
time equivalent to the upper Sunkay Member. (Figure 3. 14) The boundary between the SWS
and UBF alloformations is hence represented by the Bighorn River Bentonite (red bentonite)
(Figure 3.12).
A summary of the characteristics of the Lower Colorado Group shales, as defined by Bloch et al.
(1993), is presented in Table 3.1. Because the Second White Specks Formation (SWS and UBF
alloformations) is the focus in this project, their characteristics are described in greater detail in
the following sections.

3.3.3 Organic matter characteristics and maturity
The SWS Formation exhibits higher TOC (Total Organic Carbon) and HI (Hydrogen Index)
compared to the other Lower Colorado Group mudstones (Schröder-Adams et al. 1996), and
marks the maximum transgression of the Greenhorn Cycle (Buckley and Tyson 2003) (Figure 3.
12). The TOC ranges between 2 and 12%, and HI is usually higher than 200 mgHC/ gTOC.
Although TOC and HI tend to decrease with increasing maturity due to the conversion of
kerogen to petroleum (Tissot and Welte 1984; Peters 1986; Hunt 1996), these high values are
present in immature to medium mature sediments of the SWS Formation. (Bloch et al. 1999;
Buckley and Tyson 2003; Furmann et al. 2015).
The increase of TOC and HI with respect to other Lower Colorado Gp. mudstones are the result
of the incursion of Gulf of Mexico waters to the northern part of the WIS, where elevated water
depth and warmer temperature fostered the migration of planktonic foraminifera (SchröderAdams et al. 1996; Bloch et al. 1999). In addition, as described in section 3.3.1, the warm and
wet climate during the latest Cenomanian/ early Turonian favored runoff and the input of
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nutrients into the basin. As a consequence, the marine water column productivity increased,
resulting in high production of OM and, along with favourable preservation conditions, the
formation of dominantly Kerogen type II (Schröder-Adams et al. 1996; Bloch et al. 1999;
Buckley and Tyson 2003; Furmann 2015).
The SWS Formation is dominated by macerals of the liptinite group, including alginite,
amorphous OM or bituminite, and other liptinite macerals like sporinite and liptodetrinite.
Vitrinite (mostly reworked) and inertinite constitute a minor component of the maceral
assemblage. This maceral composition is consistent across Central Alberta (Furmann et al. 2014,
2015), the Alberta/Saskatchewan boundary (Mösle et al. 1993), and into Southwest
Saskatchewan (Goodarzi and Stasiuk 1987; Stasiuk and Goodarzi 1988).
In terms of thermal maturity, the SWS Formation shows a general decrease with increasing
distance from the Cordillera Fold and Thrust Belt (Buckley and Tyson 2003). In the eastern
portion of the basin, average Tmax from the SWS Formation lies between 395 and 435 °C
(Bloch et al. 1999; Buckley and Tyson 2003; Yin et al. 2016; Synnott et al. 2017) and vitrinite
reflectance <0.5%, which indicates thermal immaturity of the OM (Stasiuk and Goodarzi 1988).
In central and western Alberta, Tmax tends to be higher than 435 °C, indicating that the source
rock is mature (Snowdon 1995; Bloch et al. 1999; Furmann et al. 2015). Fig. 3.15 shows a
maturity map of Alberta; according to previous work (e.g. Creaney and Allan, 1990; Furmann et
al., 2015) the SWS is mature in the area selected in this study for the maturity model . Close to
the deformation front Tmax may reach up to 450 °C, suggesting overmature level (Creaney and
Allan 1990; Bloch et al. 1999; Furmann et al. 2015). The maturity necessary to generate
petroleum is reached west of the 5th meridian (Creaney and Allan 1992; Bloch et al. 1999).
Because there are few studies addressing organic geochemistry and petrography of the SWS
Formation mudstones in Central Alberta, this study extends the existing literature (Snowdon
1995, Bloch et al. 1999, Furmann et al. 2015), with results presented in Chapter 8 and discussed
in Chapter 11.
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Table 3. 1 Main characteristics of Lower Colorado Group mudstones (after Bloch et al.,
(1993, 1999); Schröder-Adams et al. (1996); Buckley and Tyson (2003); Tu et al. (2007);
Tyagi et al. (2007)).
Formation
Lithological and
sedimentological
characteristics

Organic
geochemical
characteristics
Biostratigraphical
characteristics
(microfaunal
zone)
Formation
Lithological and
sedimentological
characteristics

Organic
geochemical
characteristics
Biostratigraphical
characteristics
(microfaunal
zone)

Second White Specks Formation
Latest Cenomanian to Middle
Turonian
• Calcareous claystone to
siltstone with abundant
calcareous coccolithic debris
and inoceramids prisms
• Bioturbation is absent to
sparse

Belle Fourche Formation
Middle to Late Cenomanian
•
•

•
•

•

High TOC (up to 12%)
HI between 200 and 600
mgHC/gTOC
Predominantly kerogen type II

•

Hedbergella loetterlei Zone

•

•
•

•

Non-calcareous to
slightly calcareous
mudstone to siltstone
Sparse to moderate
bioturbation
Low TOC (<3%)
HI between 80 and 300
mgHC/gTOC
Kerogen type II/III
Verneuilinoides
perplexus Zone

Fish Scales Formation
Westgate Formation
Early Cenomanian
Late Albian
• Mudstones to claystone
• Non- calcareous
interbedded shale to
• Abundant fish scales and algal
siltstone to very fine
cysts
sandstone
• Abundance of
bioturbation
• High TOC (up to 8%)
• Low TOC (<2.5%)
• HI between 50 and 300
• Low HI (< 100
mgHC/gTOC
mgHC/gTOC)
• Kerogen Type II/III
• Predominantly kerogen
type III
• Barren of foraminifera
• Milliammina
Manitobensis Zone
• Abundance of benthic
foraminifera
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Figure 3. 15 Maturity map of the SWS Formation in Alberta. Maturity boundaries are
modeled using Rock-Eval Tmax data. The area selected for maturity modeling in this study
is indicated with the horizontal ruled pattern. Adapted from Creany and Allan (1990) and
Furmann et al. (2015).
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3.3.4 Sedimentology, lithology and mineralogy
3.3.4.1 Biostratigraphical characteristics
The SWS Formation has abundant calcareous fossils (e.g., coccoliths) concentrated in fine to
very fine sand-sized fecal pellets (Schröder-Adams et al. 1996; Bloch et al. 1999; Buckley and
Tyson 2003), which gives it the distinctive speckled aspect. These coccoliths are frequently
observed in the lower part of the formation and are more limited or absent at the top (SchröderAdams et al. 1996). Planktonic species dominate the foraminiferal fauna, whereas benthic
species are less abundant or absent (Schröder-Adams et al. 1996). The foraminiferal assemblage
present in the SWS alloformation corresponds to the Hedbergella loetterlei zone (Caldwell et al.
1978; Tyagi 2009). The Verneuilinoides perplexus zone characterizes the UBF alloformation
(Tyagi 2009). The dinoflagellates assemblage is very diverse (Schröder-Adams et al. 1996).
Abundant fish scales and shell debris are dispersed and in thin bioclastic layers (Bloch et al.
1999). The molluscan zone of the SWS Formation corresponds to the Inoceramus labiatus
(Schröder-Adams et al. 1996; Tyagi 2009) and the Watinoceras reeseideis (Tyagi 2009).

3.3.4.2 Sedimentological and lithological characteristics
A facies analysis is beyond the scope of this project. However, the description of facies provided
here is based on Tyagi (2009) and Marion (2018), whose areas of interest overlay with this study.
Particularly, core from three wells analyzed by Marion (2018) are also studied in this project.
Rocks from the Lower Colorado Group consist of siltstones and mudstones interlayered with
sandstones and conglomerates (Bloch et al. 1999). These units were deposited during a period of
overall sea-level rise interrupted by tectonically-induced sea level falls (Kauffman and Caldwell
1993).
The top of the SWS alloformation and the boundary between the SWS and UBF alloformation
correspond to bentonite beds. The top of the studied interval in the SWS alloformation
corresponds to the “Green Bentonite”. The boundary between the UBF and the SWS
alloformation is marked by a prominent layer of bentonite referred in the literature as the “Red
Bentonite” or “Bighorn River Bentonite” (Tyagi et al. 2007). The Red Bentonite shows a great
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lateral extent across the basin; it has been traced throughout Alberta and British Columbia (Stott,
1963; Varban and Plint, 2005; Tyagi et al., 2007; Tyagi, 2009; Plint et al., 2012). The Red
Bentonite lies below the Cenomanian/Turonian boundary (Barker et al. 2011).
Bentonite layers within the SWS and UBF alloformations are white to light grey color and vary
in thickness between 2mm and few centimeters (Figure 3. 16A) (Tyagi 2009). Both the Green
bentonite and Red bentonite are interpreted to record volcanic ashfall related to volcanism in the
Western Cordillera (Tyagi, 2009).
The SWS alloformation in the study area is characterized by succession of very dark grey finely
laminated mudstones that lack evidence of bioturbation and benthic foraminifera (Figure 3. 16 B)
(Tyagi 2009). These thick mudstone sequences are interbedded with normal graded sequences
(occasional reverse grading is observed) of calcareous mudstones, siltstones, and fine-grained
sandstones with some bioturbation. Cross-stratification, lenses and ripples are observed in the
sandstone layers (Figure 3. 16 C). Very thin layers of fish scales (< 0.5 cm) and coccolithic
debris are present. In both facies, Inoceramid fragments (< 2 cm long, about 5mm width) and
impressions (Figure 3. 16 D), and disseminated pyrite are very common. Siderite concretions are
also typical.
The UBF alloformation consists of grey laminated mudstones interbedded with siltstones and
fine-grained sandstones. Subtle cross-lamination is observed in sandstones. Thin (< 1cm)
occasional fish scale and shell fragment layers are present. Inoceramids fragments and
impressions are very common, and bioturbation is scarce (Tyagi 2009; Marion 2018).
Compositionally, the SWS is richer in carbonate content than the UBF (Bloch et al. 1999;
Marion 2018).
As previously mentioned, the UBF is overlain by the “Red Bentonite”. The lower boundary of
the UBF alloformation coincides with the K1 surface, which is a regional disconformitytransgressive surface (Plint 2000; Tyagi et al. 2007) .
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3.3.4.3 Mineral assemblage
The mineral assemblage of the SWS Formation across central Alberta consists of quartz and
albite (36 – 51%), carbonate minerals (calcite, dolomite and minor concentrations of ankerite; 421%), clay minerals (in decreasing order of abundance: illite, kaolinite and chlorite; 33-45%),
and pyrite (about 5%) (Furmann et al. 2014). In northeastern Alberta, in addition to these
minerals, orthoclase (2-12%), montmorillonite (0-35%), and gypsum as minor components have
been identified as well (Beaton et al. 2009; Rokosh et al. 2009).

3.3.4.4 Depositional environment
The SWS and UBF alloformation were deposited during the transgressive – regressive
Greenhorn cycle which peaked during Early Turonian (Kauffman and Caldwell 1993; SchröderAdams et al. 1996; Bloch et al. 1999).
The depositional environment of the SWS Formation has been described as a deepwater
environment, below storm wave-base (Schröder-Adams et al. 1996; Bloch et al. 1999). The
sequences of finely laminated mudstone with dominant planktonic foraminifera suggest fully
marine conditions. A diverse dinoflagellate assemblage is the consequence of the northern
migration of warm Gulf Of Mexico waters with normal salinity during the Latest
Cenomanian/Early Turonian (Schröder-Adams et al. 1996).
Recent work has demonstrated that the depositional conditions of this mudstone dominated
sequence may have been more dynamic and complex than previously described ( e.g., SchröderAdams et al., 1996; Bloch et al., 1999). Stratigraphic evidence such as sedimentary structures
(e.g., gutter cast, wave ripples, shell-lags), fine-grained sandstones rich in shells and fish debris,
and the presence of intraclastic aggregates ( Plint et al., 2012; Jiang and Cheadle, 2013) suggest
that SWS mudstones were deposited on a shallow marine distal to mid low gradient ramp setting
(less than about 70 m deep) (Varban and Plint, 2007; Plint et al., 2012; Marion, 2018). These
mudstones were transported by storm-generated combined flows (Tyagi 2009; Marion 2018),
and deposited above storm wave-base (Varban and Plint, 2005; Plint et al., 2012). The sea level
rise period was punctuated by brief sea level falls (Haq 2014) that facilitated the input of coarser
sediments from the Dunvegan Delta (Marion 2018).
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The bioturbation scarcity along with mudstone lamination and the presence of authigenic
minerals (pyrite, siderite concretions), suggest bottom water anoxia (Figure 3.16B) (SchröderAdams et al. 1996; Bloch et al. 1999). However, as explained in section 3.3.1, the abundance of
Mytiloides [inoceramus] labiatus (Fig. 3. 16D) (Schröder-Adams et al. 1996; Buckley and Tyson
2003) and low concentration of the biomarker gammacerane suggest intermittent anoxia
(Furmann 2015).
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Figure 3. 16 A) Finely laminated mudstone sequence with 10 cm thick layer of bentonite
(known as the Bighorn River or Red Bentonite) from well 100/10-35-045-02W4/00. B)
Finely laminated unbioturbated mudstone sequence from well 100/14-07-053-15W5/00. C)
Mudstone/siltstone interbedded with very fine sand. Sand laminations and ripples are
observed 100/07-15-052-15W5/00. D) Inoceramid print in mudstone from well 100/08-15035-05W5/00. Pictures correspond to core from this study and were taken during sample
collection.
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3.4 Post-Laramide exhumation models in the WCSB
The quantification of exhumation is usually done using four type of reference techniques
(tectonic, stratigraphic, thermal and compactional) (Corcoran and Doré 2005). The impetus to
conduct a study of exhumation magnitude in the WCFB stemmed from the multiple and
conflicting exhumation estimates in the study area, derived from compaction-based and thermal
techniques. In Chapter 1 these previous studies were briefly summarized. This section consists of
descriptions of their methods, results, and uncertainties.

3.4.1 Previous thermal-based estimates
There are two previous exhumation estimates using thermal-based methods in the study area; one
based on the extrapolation of VR paleotemperature profiles (Bustin 1991), and another that used
an empirical relationship between coal moisture loss with depth (Nurkowski 1984).

3.4.1.1 VR paleotemperature profiles
VR is used to determine the vertical movement of a succession of rocks relative to a thermal
frame. The method involves the determination of a paleogeothermal gradient from a
paleotemperature versus depth profile from VR, apatite fission track (AFTA), or any other
paleothermometer (Corcoran and Doré 2005). The paleogeothermal gradient is extrapolated to an
assumed paleosurface temperature. The vertical distance between the depth at the unconformity
and the depth of the intersect at the assumed paleosurface temperature will yield the exhumation
magnitude (Corcoran and Doré 2005).
Results from Bustin (1991) increase westerly from 2500 to 3200 m in the study area. The author
assumed a paleosurface reflectance value of 0.25 %VRo and discussed the impact of assuming a
slightly lower value (0.15 %VRo) (Fig. 3.17). In that scenario, the magnitude of exhumation
increased to 5000 m at the center of the basin, illustrating the uncertainty related to the selection
of such “assumed” parameter. Also, there is uncertainty related to the identification of
paleogeothermal gradients, since small errors in the measurement of VR significantly affect the
paleogeothermal gradient slope, leading to overestimation or underestimation of the exhumation
magnitude (Bustin 1991; Corcoran and Doré 2005). Furthermore, thermal-based methods assume
that the geothermal gradient of the eroded and the preserved section are similar (Fig. 3.17). This
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condition is not always reached as burial and uplift must occur slowly enough to enable maturity
levels to come to equilibrium with thermal stress (Bustin 1991).

Figure 3. 17 Effect of various paleogeothermal gradients on the estimated magnitude of
exhumation using VR profiles. The figure shows how it is possible to estimate the
magnitude of eroded overburden using different paleogeothermal gradients if it is assumed
that the gradient can be extrapolated through the eroded section (if the eroded section and
the measured section have similar paleogeothermal gradients). The figure also shows how
the magnitude of eroded sediments varies depending on the assumed vitrinite reflectance of
the surface. Modified from Bustin (1991).
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3.4.1.2 Coal moisture loss versus depth relationship
The approach used by Nurkowski (1984) and Hacquebard (1977) to estimate exhumation
magnitude relies on Hilt’s rule, which stipulates that the deeper the coal the higher the rank in
undisturbed strata. Coal rank is a good measure of OM metamorphism because it is irreversible
(Hacquebard 1977). Furthermore, coal moisture decreases with increasing rank and consequently
with increasing depth (Hacquebard 1977).
Based on those principles, Hacquebard (1977) used data from coals with several ranks from
European coal fields to develop a graphical relationship between coal moisture loss with depth.
Using coal moisture data from Cretaceous coals, he estimated the magnitude of exhumation in a
northeast-southwest transect in the WCFB, located south-east from the study area. The
magnitude of exhumation varies between 600 and 3300 m (Fig. 1. 3).
Nurkowski (1984) transformed the Hacquebard (1977) graphic relationship into a mathematical
expression relating coal moisture loss with depth. Using this empirical relationship and data from
Upper Cretaceous and Tertiary coals, Nurkowski (1984) estimated the maximum burial depth
(MBD) these coals reached, according to their moisture content. Then the exhumation magnitude
was given by the difference between the maximum burial depth and the present-day depth.
Results from this study indicates a westward increase in exhumation magnitude towards the
deformation front ranging between 900 and 1500 m (Fig. 1. 3).
An important source of uncertainty is the empirical relationship of coal moisture loss with depth
that was common to both studies because it was developed from coals from European basins. It
is important to assess if the thermal history and characteristics from those European basins are
similar to the WCSB, and the impact in case they are not. Furthermore, there is also uncertainty
related to experimental determination of coal parameters, like coal moisture content.
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3.4.2 Previous compaction-based estimates
Estimation of exhumation using compaction-based methods in the basin was previously done by
Magara (1976) and Polcheau (2001).
Magara (1976) provided an exhumation estimation based on sonic logs. This work was a
pioneering study introducing the principle of estimating exhumation based on the physical
response of rocks during mechanical stress (the compaction-based method). The method used by
the author involved the plotting of logarithmic transit time versus linear depth. The transit time
decreases with depth as result of compaction (section 2.6), therefore formations that are deeper
and more compacted will have a lower transit time than shallower formations. In a basin where
formations are at maximum burial depth, the data points should scatter along a straight line that
is extrapolated to a surface value representing transit time of unconsolidated sediments (200
μs/ft). However, if the line intersects the present-day surface at a lower transit time than that
corresponding to unconsolidated sediments, it means the stratigraphic succession is not at
maximum burial depth. This suggest that formations have been buried deeper in the past and now
lie in a shallower depth due to uplift. Consequently, they have a lower transit time than that
corresponding to their current depth. In this case the line is extrapolated beyond the surface until
it intersects the transit time of the unconsolidated sediment. The exhumation magnitude
represents the vertical distance between the intersect at the transit time of unconsolidated
sediments and the intersect at the surface (Fig. 3. 18).
The Magara (1976) method has several pitfalls. The author recommends using only shales near
the surface because the straight line is only an approximation, and the data will curve at depth
(greater than 1500-2400 m) to approximate the matrix transit time (zero transit time in a totally
compacted rock, or zero porosity) (Magara 1986). For this reason, a line drawn deeper would
have a shallower slope and would potentially overestimate the magnitude of exhumation.
Although the author discussed several possible reasons for such deviation, the real problem was
not addressed. The mathematical function used by Magara (1976) to describe compaction
incorrectly predicts that transit time decreases exponentially with depth. It was subsequently
demonstrated that the transit time for a rock with zero porosity approaches a constant value
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corresponding to the matrix transit time ( Heasler and Kharitonova 1996). Therefore, the Magara
(1976) method does not consider the behavior of the reduction of porosity of mudstones with
depth, since it uses an empirical approximation that is restricted only to shallow depths.
Poelchau (2001) suggested the use of an empirical relationship between maximum burial depth
(MBD) and shale transit. This relationship was developed using the Magara (1976) extrapolation
method on 12 wells in the WCSB (the well locations were not identified), to determine MBD.
Poelchau determined a linear regression equation relating MBD to shale transit time for the 12
wells. As discussed before, the basis for this methodology ignores the physical principles of the
rock behavior under compaction.
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Figure 3. 18 Principle of the Magara (1976) compaction-based method to estimate
exhumation. Data comes from Cretaceous formations in Alberta. Well 100/03-05-03505W5/00. Modified from Magara (1976).
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Part II Methodology
Chapter 4

4

Overview

The aim of this study is to analyze the thermal characteristics and evolution of the SWS and UBF
alloformations. It is hypothesized that production inconsistencies in the SWS unconventional
play may be related to lateral changes in geochemical properties. The methodology, illustrated in
Figure 4.1, was designed and it is described in this chapter using a reverse-engineering approach.
As discussed in Chapter 1, there have been previous studies investigating geochemical properties
of the SWS Formation. The local variability of these properties, however, has never been
analyzed in the context of their potential influence on production performance. To achieve the
goal, this study builds on those previous works by increasing data resolution in the area.
Therefore, organic geochemical characterization was done to determine if there are variabilities
in the geochemical properties of the SWS that may influence the source rock charge and explain
the production variability. Furthermore, this study expands into the determination of the post
Eocene exhumation magnitude in the basin, and the construction of 1D and 2D models that offer
insight into the thermal and hydrocarbon generation evolution of the SWS and UBF
alloformation.

4.1 Organic geochemistry characterization
The organic geochemistry characterization consisted of the analysis of Rock-Eval data and
organic petrography to determine thermal maturity, kerogen type, OM richness and hydrocarbon
generation potential, and depositional conditions. These parameters relate to each other, and
conclusions about the source rock characteristics requires their integration.
Assessing the thermal maturity is critical in every conventional and unconventional petroleum
system analysis. If the source rock has not reached sufficient thermal maturity, hydrocarbons will
not be generated (Tissot and Welte 1984; Hunt 1996) (see section 2.2 Chapter 2). The thermal
maturity was estimated using two different methods: pyrolysis Rock-Eval (Tmax), and organic
petrography (%VRo). In addition, production index (PI) and transformation ratio (TR) were
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determined as they complement maturity estimation. The production index represents a ratio of
generated to potential hydrocarbons, and consequently, increases with thermal stress (Peters et
al. 2005). The transformation ratio is a measure of the extent of kerogen conversion, which is
also a function of the thermal maturity (Peters et al. 2005)
The kerogen type conditions the generation potential and the type of hydrocarbon that is going to
be generated (see section 2.2.2.1) (Peters and Cassa 1994). When source rocks show lateral
changes in kerogen type, there are also lateral changes in the capacity of the rock to generate oil,
natural gas or a mixture of both. Kerogen type is routinely determined from Rock-Eval data,
specifically from OI versus HI diagrams or Tmax versus HI diagrams (Peters and Cassa 1994).
In this work, however, kerogen determination was done using not only Rock-Eval data but also
maceral composition, which was studied through optical examination during organic
petrography.
OM richness, expressed as TOC, is one of the most fundamental characteristics in source rock
reservoir analysis (Curiale and Curtis 2016). A good source rock should have high amount of
OM to be productive (>1% TOC to be considered as good OM richness (Peters 1986). However,
the amount of OM present is not indicative of the generation potential of the source rock. This is
because not all OM types produce hydrocarbon (Dembicki 2009). The TOC in sediments
comprises both generative (labile) and non-generative (refractory) organic carbon components
(Jarvie 2012a). For the OM to generate hydrocarbons, hydrogen content is critical (Hunt 1996).
The hydrogen content can be estimated from the Rock-Eval parameter HI, or S2. Therefore, the
assessment of generation potential must include both the determination of the quantity of OM
(TOC) and the quality, related to its capacity to generate hydrocarbons according to the hydrogen
content (HI or S2) (Dembicki 2009). Furthermore, the HI content is conditioned by the kerogen
type (see section 2.2.2.1).
When analyzing the generation potential, it is very important to consider the level of maturity of
the rock, because thermal stress induces kerogen conversion, resulting in hydrocarbon generation
and a decrease of TOC and HI (Tissot and Welte 1984; Hunt 1996; Curiale and Curtis 2016).
While the present-day TOC and HI offer an estimate of the “remaining” generation potential in
mature source rocks, to assess the hydrocarbon generation inherent in the original depositional
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conditions, it is necessary to study equivalent source rocks that have not been subject to thermal
alteration (Jarvie et al. 2007; Jarvie 2012a). For this reason, this work provides an estimation of
the original HI (HI0) from immature rocks from the SWS, which was used to estimate the
original OM richness (TOC0). These parameters not only represent the real generation potential
of the SWS, but they were also used to model hydrocarbon generation in the basin modeling
section, as it will be described in the following section.
Critical parameters like kerogen type and hydrocarbon generation potential are strongly
dependent on the depositional conditions (see section 2.2.1 and 2.2.2). Therefore, to understand
the lateral and vertical variability of these properties it is important to also understand how they
were influenced by the sedimentary environment in which the OM was deposited (Curiale and
Curtis 2016). Organic petrography aided in the study of the depositional conditions. Optical
examination under the microscope provides an assessment of the maceral assemblage of the
kerogen, which enables the determination of kerogen and the depositional environment, as the
maceral assemblage is subject to the OM source (terrigenous or marine) (Taylor et al. 1998;
Flores and Suárez-Ruiz 2017). Moreover, alterations of the macerals may indicate
paleoenvironmental conditions. For example, bacterial degradation in anoxic environments alter
maceral properties (texture, color, reflectance) (Synnott et al. (2016), this study).
Another geochemical parameter used in this study to assess paleoenvironment conditions was the
Total Organic Carbon/ Total Sulfur ratio (TOC/TS) , which is useful to distinguish if the OM
was deposited in fresh or marine waters (Berner and Raiswell 1984). Furthermore, the
determination of TS was also useful to estimate whether the generation of hydrocarbons was
affected by the TS in the OM.
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Continuation from previous page
Figure 4. 1 Diagram of the methodology followed in the project. Organic geochemistry and
1-D and 2-D basin models (pink boxes) were integrated to characterize the organic matter
in the SWS and UBF alloformation and analyze its thermal evolution. The methods used
(yellow boxes) were Rock-Eval, organic petrography, total sulfur, and compaction analysis.
The data derived from these methods and other geological information required in the
analysis are represented in blue boxes. The organic petrography, Rock-Eval and total
sulfur provided information about the depositional environment, PI, TR, thermal maturity,
generation capacity (HI, HI0) organic matter richness (TOC, TOC0) and kerogen type. The
last four parameters were integrated with additional geological and geophysical
information, and exhumation estimates into the basin models. %VRo = Vitrinite
reflectance, HI0 = Initial Hydrogen Index, TOC0 = Initial Total Organic Carbon, SWIT =
Surface-water interface temperature, PWD = Paleo-water depth, TR = Transformation
ratio, PI= Production Index.
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4.2 Compaction analysis to estimate the magnitude of postEocene exhumation
The study of exhumation is important because it can impact the evolution of sedimentary basins
and petroleum systems. Some important consequences of exhumation are re-distribution of
petroleum accumulations (Shanley and Cluff 2015), cessation of hydrocarbon generation related
to cooling of the source rock, reduction of top seal effectiveness, and reservoir
compartmentalization (Doré et al. 2002; Corcoran and Doré 2005). Moreover, the integration of
the burial and thermal history with the estimate of uplift and exhumation is necessary to
determine the maximum burial depth of a source rock, and the time it was subject to a range of
temperatures which control the hydrocarbon generation and expulsion (Hantschel and Kauerauf
2009). Therefore, the understanding of exhumation magnitude and timing is critical to improve
hydrocarbon exploration results (Baig et al. 2016). For this reason, exhumation magnitudes were
estimated, as explained in Chapter 6, and were used for the burial models and for the study of the
maturation history of the SWS and UBF alloformations.
Exhumation magnitude was estimated through the analysis of compaction of Cretaceous
mudstones in the basin (Wapiabi Formation). Compaction is a diagenetic process that makes it
possible to estimate exhumation because compaction is largely irreversible. Consequently, its
magnitude corresponds to the maximum burial depth a rock has attained (Rider 1999).
As previously explained in section 2.6 of Chapter 2, compaction is defined as the reduction of
porosity with increasing depth. Sonic logs are a proxy to estimate porosity (Wyllie et al. 1956);
therefore, sonic logs, which are commonly available in the WCSB, were used to estimate the
magnitude of exhumation, by analyzing compaction of Cretaceous mudstones.
The compaction method to estimate exhumation has several advantages. Sonic logs are routinely
recorded in petroleum wells for formation evaluation. Sonic logs are also independent from the
pitfall associated with cutting/core sample collection and processing because they are in-situ
measurements. Moreover, sonic logs have reduced susceptibility to distortions from transient
heating, which represent an advantage over thermal-based methods like paleotemperature
profiles (e.g. VR), to estimate exhumation (Corcoran and Doré 2005).
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In addition to sonic logs, a thorough analysis of compaction-based exhumation determination
requires the use of gamma ray (GR), density, neutron, and resistivity logs to discriminate
lithologies, formation fluids (i.e., hydrocarbons/water) and identify formation damage effects.

4.3 Burial and thermal history models
Basin models are numerical simulations that quantify the evolution of fluids and rocks in the
sedimentary basin over geological time spans (Hantschel and Kauerauf 2009).
1-D basin models reconstruct the geological history at one or several points across an area
(Higley et al. 2006). 1-D basin models provide information on maximum burial depth, timing of
uplift and erosion, conductive cooling, paleotemperature gradients. Furthermore, they estimate if
a source rock has generated hydrocarbons, when and how much is available for migration
(Dembicki 2017). The main limitation of 1-D models is that they are limited to a single
geographic coordinate, and the associated estimations of temperature, maturity and hydrocarbon
are one dimensional as well (Higley et al. 2006).
2-D models include maps and cross sections. In contrast to 1-D models, 2-D basin models better
represent the geological processes because they enable the spatial evaluation of the thermal field
and geohistory. They incorporate the input information of the 1-D models plus additional
structural information critical to evaluate petroleum systems. Furthermore, 2-D models facilitate
the evaluation of petroleum migration routes, and assess the influence of igneous intrusions, salt
movement and hydrodynamic processes (Higley et al. 2006). Similar to 1-D models, the primary
limitation of 2-D models is that they only represent generation, migration, and accumulation in
two dimensions, ignoring the influence of parameters and processes out of the plane of the
section.
A more realistic approximation is represented in 3-D models, because they better portray
physical and temporal relationships among variables that influence petroleum generation,
migration and accumulation such as burial history, lithological and petrophysical properties
variations, and hydrodynamics effects (Higley et al. 2006). Such models were not constructed in
this study due to limited computational resources. However, the 1-D and 2-D models and the
associated data may be used to construct 3-D models in future work.
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Chapter 7 describes the construction of the basin models (1-D and 2-D burial and thermal
models), where the organic geochemistry (Chapter 5) and exhumation data (Chapter 6), along
with geological and geophysical information (e.g., formation tops, paleowater depth and other
information (Fig. 4.1)), were integrated. The purpose of these models is to provide a context to
evaluate the SWS and UBF in terms of thermal evolution and hydrocarbons generation.
The burial history simulates the sedimentation events in a stratigraphic column in a time-depth
context (Dembicki 2017). The thermal history is the simulation of the heat flow and the
temperature experienced by the sediments in a stratigraphic sequence during their burial history
(Dembicki 2017).
As discussed earlier in section 4.1, hydrocarbon generation is the result of the thermal stress the
kerogen has been subject to. Therefore, after the burial and thermal model puts the stratigraphic
sequence into a depth-time-temperature context, the time-temperature data of the sequence is
used to estimate maturation of the source rock, hydrocarbon generation and expulsion (Al-Hajeri
et al. 2009; Dembicki 2017). In this study, only maturation and hydrocarbon generation were
simulated.
The maturity modeling estimates the current maturity of a stratigraphic horizon and reconstructs
its thermal evolution. The hydrocarbon generation modeling calculates how much, what type and
when did the hydrocarbons generation occur (Al-Hajeri et al. 2009; Dembicki 2017).
Table 4.1 presents a summary of the input data of the basin model, which is also shown in Figure
4.1. 1-D burial-thermal profiles were constructed on 7 wells using the 1-D module of
Petromod©. The 2-D model, which portrayed the lateral thermal maturity and TR variability,
was built on the 2-D module of Petromod.
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Table 4. 1 Input parameters of the basin models. From (Poelchau et al. 1997; Al-Hajeri et al. 2009; Hantschel and Kauerauf 2009;
Hicks et al. 2012; Dembicki 2017).
Property
Formation and alloformation tops and
depths
Ages
Lithological characteristics
Source rock properties
Exhumation timing and magnitude

Bottom boundary condition
Upper boundary conditions
Calibration data

Utility
Critical input to build the subsidence curve of the burial plots. The thickness of each unit controls the depth and
therefore temperature and maturity of each stratigraphic interval.
Critical input to build the subsidence curve of the burial plots. Ages determine the timing of geological events
and hence control the transient behavior in the model.
Properties like thermal conductivity, heat capacity, radioactive heat, compaction parameters (e.g., depositional
porosity, compressibility), required for the modelling, are specific to the type of rock and composition, therefore
the input of lithological characteristics is necessary.
Source rock properties determine the timing of hydrocarbons generation and the quantity and type of
hydrocarbons. Source rock properties input were determined using organic petrography and Rock-Eval,
described in Chapter 5.
Exhumation controls the burial history of the sediments. As described in section 4.2, understanding exhumation
timing and magnitude is important to predict the maximum depth and temperature the source rock was subject
to, which controls maturation and hydrocarbon generation. Furthermore, exhumation may impact characteristics
and properties of petroleum systems. Exhumation magnitude input in this study was determined as described in
Chapter 6.
The bottom boundary condition is the heat flow, which affects the temperature throughout the stratigraphic
sequence.
The upper boundary conditions are surface temperature and water depth. Variations of the top temperature
affects the estimation of the present-day and paleogeothermal gradient. The water depth determined the top
temperature.
Numerical basin models require well constrained calibration data, to evaluate the quality and reliability of
simulation outputs. VR is the most used calibration parameter to estimate paleotemperature. VR measurements
used in the calibration process were determined in this study, as described in Chapter 5. Where VR was not
available, like in the case of well E, an empirical equation was used (Jarvie et al. 2007) to convert Rock-Eval
Tmax into VR. The present-day temperature is calibrated using well temperature.
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Chapter 5

5

Organic geochemistry characterization
5.1

Sample selection

The pyrolysis Rock-Eval method was used to assess the organic matter richness, hydrocarbon
potential, thermal maturity and kerogen type. In addition, organic petrography was performed to
provide a complementary independent estimation of the thermal maturity and kerogen type. The
total organic carbon (TOC)/total sulfur (TS) ratio can be used as an indicator of the depositional
environment (Berner et al. 1985), for this reason, the total sulfur (TS wt.%) was also determined.
Core samples from wells located in the foredeep section of the basin were selected for this study
(Figure 5. 1; Table 5. 1). The wells were selected based on core integrity and coverage of
intervals including the alloformations of interest (Figure 5. 2). Core taken with water-based
drilling mud were used to avoid contamination by oil-based muds. During core sampling, the
intention was to test one sample per meter, but it was not possible because of restrictions
imposed by the AER Core Research Facility. Therefore, the sampling strategy was adapted, and
best efforts were done to capture heterogeneity in the sedimentary succession, and to cover the
entire core. For this reason, sampling distances vary between 3 cm and 5 m.
The core in Well E, however, had been sampled when sampling restrictions were not in place,
therefore the sample density is higher. Also, the core in this well is longer, which favored the
collecting of a larger number of samples in comparison to the other wells. Refer to Appendix D
for a complete report of the samples and results.
The Rock-Eval analysis was carried out on all samples from the selected wells (Table 5. 1). To
ensure reproducibility, standards were run in each Rock-Eval analysis and there was at least one
duplicate for each well. As suggested by Peters and Cassa (1994), before the analysis, the
samples were washed with distilled water to eliminate residual drilling mud. Resulting
pyrograms were examined to ensure the S1 and S2 signals were well defined and were not
affected by bitumen carry over.
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Organic petrography was also performed in all samples except for well E where only one sample
was studied under the microscope (sample depth 1809.3 m). Total sulfur content (TS) was
determined in all samples, except for well E.
Because thermal maturation affects the parameters measured by the Rock-Eval equipment, to
assess the kerogen type, it is necessary to determine the initial characteristics of the organic
matter before it is thermally degraded (Jarvie et al. 2007) (section 5.2 presents further details).
The wells in Table 5. 1 are in an area where the SWS and UBF are thermally mature, according
to Creaney and Allan (1990) and Bloch et al. (1999). For this reason, the Rock-Eval analysis was
also carried out on samples from an area where these alloformations are immature (Table 5. 2).
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Figure 5. 1 Location of the seven wells selected for the organic geochemistry characterization, and 1D and 2D modelling.
Foredeep depozone of the WCSB. Maturity boundaries are modified from Creaney and Allan (1990) and Furmann et al.
(2015).
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From previous page
Figure 5. 2 Stratigraphic framework for Cretaceous strata in the central area of the foredeep depozone of the Western Canada
Foreland Basin, including lithostratigraphic framework from Bloch et al. (1993, 1999) and the time equivalent
allostratigraphic framework from Tyagi et al. (2007) and Roca et al. (2008). Refer to Section 3.3.2 on Chapter 3, for a
comprehensive review of these stratigraphic relationships. B) Cross section of studied wells based on gamma-ray logs showing
the location of the cored intervals. See Figure 5.1 for location reference of these wells in the basin. FS= Fish Scale
alloformation, LBF= Lower Belle Fourche alloformation, UBF= Upper Belle Fourche alloformation, SWS= Second White
Specks alloformation
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Table 5. 1 Wells and sampled core from the SWS and UBF alloformations. Foredeep depozone, Western Canada Foreland
Basin. These wells were used for the organic geochemical characterization. N: number of samples
UWI
100/09-09-056-19W5/00

Symbol
A

100/14-03-053-15W5/00

B

102/07-33-052-15W5/00

C

100/06-31-046-08W5/00

D

100/07-19-045-06W5/00

E

102/08-36-041-07W5/00

F

100/08-15-036-05W5/00

G

Name
HCS ET AL BEAVER CREEK
9-9-56-19
BEC EDSON 14-3-53-15
TALISMAN ET AL EDSON
7-33-52-15
AMOCO PEMBINA
6-31-46-8
TAC PEMBINA
7-19-45-6
WINCAN WILL GR
8-36-41-7
PCP GARRINGTON
8-15-36-5

Core interval (mKB)
2237.2-2253.2
2255.2-2273.2
1877-1895.2

Core length (m)
16
21
18.25

Alloformations included
SWS and UBF
SWS

N
8
7
4

1959-1969

10

SWS

4

1803-1821.2

18.25

SWS

4

1794-1800.4
1800.4-1845.6
2124.5-2142

6.4
45.2
17.5

SWS and UBF

10
39
8

2193-2202
2202-2211

9
9

SWS and UBF

SWS and UBF

2
3
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Table 5. 2 Wells and sampled core from the SWS and UBF alloformations. Foredeep depozone, Western Canada Foreland
Basin. (These wells are in an area where the SWS and UBF are immature, according to Creaney and Allan (1990), (Fig. 5.3))
UWI
100/10-35-045-02W4/00

Symbol
H

100/06-23-043-11W4/00

I

100/06-26-059-20W4/00

J

Name
ANDERSON HUSKY
ROROS 10-35-045-02
SLE KILLAM
06-23-043-11
PEOC RADWAY
06-26-059-20

Core interval (mKB)
410-418

Core length (m)
10

Alloformations included
SWS

N
9

542-560

18

SWS and UBF

12

458-469

11

SWS and UBF

10
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Figure 5. 3 Location of the selected wells for the organic geochemistry analysis and the
basin modelling (gray circles), and location of the immature wells selected to estimate the
characteristics of the organic matter before it is thermally degraded (blue squares) (Table
5. 2). Western Canada Foreland Basin. Maturity boundaries are modified from Creaney
and Allan (1990) and Furmann et al. (2015).
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5.2 Determination of Pyrolysis Rock-Eval parameters and
total sulfur analysis
Bulk sediment samples weighing 50 to 70 mg were analyzed at the Geological Survey of Canada
laboratory in Calgary, Alberta using the Rock-Eval 6 instrument (Vinci Technologies). In this
instrument, program heating of the samples is carried out in both pyrolysis and oxidation ovens.
In the pyrolysis oven, heating is performed in an inert atmosphere (nitrogen N2), at an initial
temperature of 300 °C for 3 minutes, to release the free hydrocarbon fraction (designated as S1
and measured in mg HC/g rock). Following this stage, the temperature in the oven is increased at
a rate of 25 °C/min until it reaches 650 °C. The heating releases hydrocarbons and carbon
dioxide from the pyrolytic degradation of kerogen (S2 mg HC/g rock and S3 mg CO2/g rock,
respectively) (Lafargue et al. 1998). The samples are finally transferred to an oxidation oven and
heated under air from an initial temperature of 300 °C for 1 min up to a temperature of 850 °C, at
a rate of 20 °C/min. During the last phase, the remaining organic matter is burned off to measure
the residual inert carbon (S4 mg CO and CO2/ g rock and RC, wt. %).
Quantitative parameters are calculated from the Rock-Eval output to interpret the hydrocarbon
generation potential of the rock (Table 5.3). Tmax is a standardized parameter that corresponds
to the oven temperature at which the maximum rate of S2 hydrocarbon is generated (Behar et al.
2001). Total organic carbon content (TOC, wt.%), which is a measure of organic carbon present
in a sediment sample, is calculated based on the sum of the amount of organic carbon released
during the pyrolysis and oxidation phase. Hydrogen Index (HI mg HC/g TOC) and the Oxygen
Index (OI mg CO2/g TOC) represent the normalization of the parameters S2 and S3 respectively,
with respect to the TOC (Lafargue et al. 1998). Mineral carbon, MinC (wt. %), is obtained by the
addition of the CO2 released during pyrolysis above 400 °C, and the CO2 from carbonate
decomposition during the oxidation phase above 600 °C (S3 g CO2/g Rock +S4 mg CO and CO2/
g Rock). The production index (PI) is the free oil content as measured by the free hydrocarbon
fraction S1 divided by the sum of S1 plus the remaining generation potential S2.
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The TS determination was done using a LECO CS-244 analyzer. Bulk sediment samples were
crushed to a uniform powder and were weighed (100 mg) into a ceramic crucible; a tungsten
alloy bead was added as accelerator. The samples were ignited to approximately 1350 °C in an
induction furnace, while a stream of oxygen passed through them. The combustible sulfur is
oxidized to sulfur dioxide, which is measured by an Infra-Red detector, providing the TS
concentration.
Table 5. 3 Calculated parameters from Rock-Eval variables. * TpS2 is the temperature of
peak S2 maximum. ΔTmax is calculated when calibrating apparatus and results from the
difference between TpS2 of standard 55000 and its accepted Tmax (419°C) (determined
after Rock-Eval 2 measurements). ΔTmax = TpS2std 55000 – Tmax accepted 55000. ** PC is
pyrolyzable carbon (pyrolysis phase) and RC is residual carbon (oxidation phase). ***
PyroMinC (CO2 released during pyrolysis phase), OxiMinC (CO2 released during oxidation
phase). (Modified from Behar et al. (2001).

Calculated
parameters
Tmax
TOC
HI

Unit

Formula

Name

°C
wt.%
mg HC/g TOC

TpS2 – ΔTmax*
PC+RC**

Tmax
Total organic carbon
Hydrogen index

OI

mg CO2/g TOC

MinC

wt. %

PI

𝑆𝑆2𝑥𝑥100
𝑇𝑇𝑇𝑇𝑇𝑇
𝑆𝑆3𝑥𝑥100
𝑇𝑇𝑇𝑇𝑇𝑇

PyroMinC +
OxiMinC***
𝑆𝑆1
(𝑆𝑆1 + 𝑆𝑆2)

Oxygen index
Mineral carbon
Production index
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5.3 Computation of transformation ratio (TR), original
hydrogen index (HI0), and original total organic carbon (TOC0).
5.3.1 Transformation ratio
The transformation ratio (TR) is defined as the ratio of petroleum formed from kerogen to the
total amount of petroleum that the kerogen is capable to generate (Tissot and Welte 1984). This
degree of conversion is dependent not only on the kerogen type but also on the magnitude of the
thermal stress, which is influenced by the burial and thermal history (Chen and Jiang 2016). In
this evaluation of the hydrocarbon generation of the Second White Specks, the TR is a critical
parameter to estimate the progress of organic matter conversion into hydrocarbons.
The TR can be estimated using kinetic parameters and mass balance relationships calculated
during artificial maturation experiments (Behar et al. 1997) and used by basin modeling software
(Al-Hajeri et al. 2009; Hantschel and Kauerauf, 2009), and from equations using the Rock-Eval
HI estimated from immature source rocks (HI0) and mature source rocks (HI) (Peters et al. 2005;
Jarvie 2012a).
Kinetic parameters estimated during artificial maturation, which vary with kerogen type, are
calculated through the mathematical optimization of experimental data (Behar et al. 1997).
Geomodelling software use those kinetic parameters and mass balance relationships to model the
generation of hydrocarbons from the source rock (Hantschel and Kauerauf 2009) (See section
7.4.4).
The Rock-Eval HI parameter is a measurement of the pyrolyzable hydrocarbons relative to the
TOC in the sample (Peters 1986). Because the TR is an estimate of the fraction of organic matter
converted into hydrocarbons (Peters et al. 2005; Hantschel and Kauerauf 2009), this parameter
can be alternatively calculated from the HI (Peters et al. 2005; Jarvie 2012a). The HI decreases
with the progression of hydrocarbon generation under conditions of increasing thermal maturity
(Hunt 1996); to calculate the TR, therefore, it is essential to have an estimate of the original HI
before kerogen begins to degrade into hydrocarbons (HI0).
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There are different equations to estimate TR from the HI and HI0; the most commonly used
equations in the literature are shown in Table 5. 4. Peters et al. (2005) suggests Claypool’s
equation (Equation [5. 1]) which uses the HI, HI0, PI (defined previously in Table 5.3), and PI0
(assumed to be PI0=0.02, for most thermally immature source rocks). Justwan and Dahl (2005)
presented a similar equation based only on HI and HI0 (Equation [5.2]). This study used the
equation from Bordenave (1993) and Jarvie et al. (2012a) (Equation [5.3]) because when
compared with the alternative methods, results using this approach were more consistent with the
maturity of the samples determined by Rock-Eval analysis (Section 5.2). Appendix A presents a
comparison of results obtained with the different methods, supporting the selection of Bordenave
(1993) and Jarvie et al. (2012a) method.
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Table 5. 4 Examples of equations used to estimate transformation ratio (TR) based on
Rock-Eval HI and HI0. In equations from Peters et al. (2005) and Justwan and Dahl
(2005), the value of 1200 mg HC/gTOC ((1/0.083)*100) represents the maximum amount of
hydrocarbons that can be formed assuming 83.3% carbon in hydrocarbons. Equation from
Jarvie et al (2012a) and Bordenave (1993), ([5.3]), was the one selected to be used in this
work.

Source(s)
Peters et al. (2005)

Justwan and Dahl (2005)

Bordenave (1993)
Jarvie et al. (2012a)

Equation

𝑇𝑇𝑇𝑇 = 1 −

𝐻𝐻𝐻𝐻[1200 − 𝐻𝐻𝐻𝐻0 /(1 − 𝑃𝑃𝑃𝑃0 )]
𝐻𝐻𝐻𝐻0 ∗ [1200 − 𝐻𝐻𝐻𝐻/(1 − 𝑃𝑃𝑃𝑃)]

𝑇𝑇𝑇𝑇 =

1200 ∗ (𝐻𝐻𝐻𝐻0 − 𝐻𝐻𝐻𝐻)
𝐻𝐻𝐻𝐻0 ∗ (1200 − 𝐻𝐻𝐻𝐻)

𝑇𝑇𝑇𝑇 =

𝐻𝐻𝐻𝐻𝑂𝑂 − 𝐻𝐻𝐻𝐻
𝐻𝐻𝐻𝐻𝑂𝑂

Number
[5. 1]

[5. 2]

[5. 3]
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5.3.2 Original hydrogen index (HI0)
The original hydrogen index (HI0) represents the hydrogen index before the kerogen conversion
begins (Peters et al. 2005). There are several methods proposed in the literature to estimate HI0,
based on immature-early mature source rocks data. For example, Langford and Blanc-Valleron
(1990) and Cornford et al. (1998) proposed to determine HI0 from the slope of a TOC versus S2
plot. Justwan and Dahl (2005) selected the HI0 from a profile of HI versus depth data; average
values every 50 m were calculated and the highest average was selected as the HI0. Jarvie et al.
(2007) suggests visual kerogen assessment, where the HI0 is estimated based on the addition of
the proportions of different maceral types.
This study uses the method proposed by (Jarvie 2012a) in which the HIo is estimated from the
frequency distribution of HI of a Rock-Eval data set of immature source rocks from the SWS and
UBF alloformations (Table 5. 2). Figure 5. 4 shows an example from Jarvie (2012a) of a
frequency distribution of HI corresponding to immature (HI0) marine source rocks (with kerogen
type II), from different basins in the world. The HI0 values are variable despite all the samples
containing the same kerogen type (type II). These variabilities are possibly related to
organofacies changes and the different mixture proportions of organic components. One key
advantage that Jarvie (2012a) method offers is that a frequency distribution of HI values makes it
possible to evaluate these organic facies variations. The P10, P50 and P90 values calculated from
the distribution are probabilities of exceedance (e.g., probabilities that a particular value will be
met or exceeded). For example, in Figure 5. 4, P90 = 340 mgHC/g TOC, which implies that 90%
of the samples meet or exceed this HI0 value. The median (P50) can be taken as the HI0 of the
data set. In cases where there are lateral variations of organic facies, a sensitivity analysis
enables the evaluation of substituting the P10, P50 or P90, in the estimated volume or type of
hydrocarbons produced.
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Figure 5. 4 Distribution of HI from immature (HI0) marine source rocks from different
basins around the world (Jarvie et al. 2012a). There is a wide variation of the HI0 values,
despite the fact they all contain kerogen mixtures typical of the Type II group. Exceedance
probabilities P10, P50 and P90 (red font) are calculated from the sample population. The
P50 HI0 value is assumed to be most representative of the distribution.
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5.3.3 Original Total Organic Carbon (TOC0)
Organic matter preserved in sediments will decompose into petroleum and a carbonaceous char,
with thermal exposure (Tissot and Welte 1984). Therefore, the TOC of a source rock decreases
with increasing maturity (Langford and Blanc-Valleron 1990; Cornford et al. 1998; Peters et al.
2005). To reconstruct the potential generative capacity of a source rock, it is essential to estimate
the original TOC before hydrocarbon generation commenced (TOC0) (Langford and BlancValleron 1990; Cornford et al. 1998; Peters et al. 2005; Justwan and Dahl 2005; Jarvie et al.
2007).
There are several ways to reconstruct TOC0. Peters et al. (2005) proposed a method to estimate
TOC0 based on mass balance equations (Claypool’s equations) and pyrolysis Rock-Eval data
from immature rocks. However, their mass balance included the PI as a variable in a correction
factor, which may not be reliable due to the loss of light hydrocarbon compounds (Rock-Eval S1
parameter) during sample handling and storage. Similarly, Jarvie (2012a) suggested the use of
mass balance equations to estimate TOC0 based on Rock-Eval data. However, there are several
implicit assumptions in these equations that may lead to large uncertainties in the estimate.
Romero-Sarmiento et al. (2013) developed a procedure to reconstruct TOC0 based on petroleum
system modeling. This method relies on kinetic parameters and mass balances performed on
basin simulators, but its applicability may be limited, because it requires a large volume of data
and high computational capacity.
Chen and Jiang's (2016) method was selected as the most appropriate approach to estimate
TOC0. This method is based on pyrolysis Rock-Eval data and mass balance equations, similar to
previous work. However, it does not require kinetic parameters or modelling software. In
addition, it accounts for the expulsion efficiency of hydrocarbons from the system, which other
methods do not consider. The equation used to estimate TOC0 is [5.4], where α is a scaling
parameter that can be calculated as HI0/1200 (1200 mgHC/gTOC is the maximum amount of
hydrocarbons that can be formed assuming 83.33% of carbon in hydrocarbon) (Peters et al.
2005). f is the ratio of generated to expelled hydrocarbons (expulsion efficiency) that can be
calculated from[5.5]. Appendix B provides further details about the derivation of Equation 5.4.
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𝑇𝑇𝑇𝑇𝑇𝑇0 =

𝑇𝑇𝑇𝑇𝑇𝑇

0.833 ∗ 𝑇𝑇𝑇𝑇𝑇𝑇
1−∝∗ 𝑓𝑓 ∗ 𝑇𝑇𝑇𝑇(1 −
)
100

𝑓𝑓 = 1 −

𝑆𝑆1 ∗ (1 − 𝑇𝑇𝑇𝑇)
𝑆𝑆2 ∗ 𝑇𝑇𝑇𝑇

[5. 4]

[5. 5]

5.3.4 Mapping of geochemical parameters
TOC, Tmax and HI were mapped to evaluate the distribution of organic matter and maturation
patterns in the study area. For this purpose, the geochemical parameters of each alloformation
were averaged to get a single value per property for each well. Then the average values were
imported into the mapping and data visualization software Golden SoftwareTM Surfer.
The parameters are associated with wells that have an irregular distribution. Surfer’s contouring
function requires a grid of regularly spaced nodes. The software computes the grid limits from
the data coordinates and use then as limits for the output maps. To ensure consistency and
reproducibility, the same grid limits were used to produce each map (Figure 5. 5).
To estimate grid values in areas where data is missing, the gridding method fills those gaps by
interpolating values at those locations. Surfer offers the option to use several gridding methods
(e.g., nearest neighbor, minimum curvature, kriging etc.). This study used the kriging option for
the construction of all maps because the technique works well for geological data that is spatially
correlated with respect to distance and azimuth.
The kriging algorithm is an interpolation method that estimates the unknown value of a variable
at an arbitrary location, based on the statistical relationship (spatial autocorrelation) among
randomly distributed measured points. In Surfer, the kriging option assigns weights (𝜔𝜔𝑖𝑖 ) to all
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measured values to predict the values of a variable at regularly spaced grid nodes (Oliver and
Webster 1990; Chiles 2012).
[5. 6]

𝑁𝑁

𝑍𝑍(𝑆𝑆0) = � 𝜔𝜔𝑖𝑖 𝑍𝑍(𝑆𝑆𝑖𝑖 )
𝑖𝑖=1

In Equation [5.6], 𝑍𝑍(𝑆𝑆0) is the unknown value, 𝑍𝑍(𝑆𝑆𝑖𝑖 ) is the measured value at the ith location, 𝜔𝜔𝑖𝑖

is the unknown weight for the measured value at the ith location, N is the numbered of measured
values.
The weights come from a semivariogram, which estimates the spatial autocorrelation of the
measured values (Oliver and Webster 1990; Chiles 2012). To calculate the semivariogram, first
the experimental semivariogram is calculated from the data according to Equation [5.7]. The
variance (𝛾𝛾 ) between two variables at sample locations (𝑋𝑋𝛽𝛽 , 𝑋𝑋𝛼𝛼 ) separated by a distance (h) is
measured and plotted in a variance versus distance plot; Nh is the count of pairs of points
separated by a grouped distance (lag distance). Following this, a model is fitted to the
experimental semivariogram; this model is used to estimate the weights in the kriging algorithm.
𝛾𝛾(ℎ) =

1
2𝑁𝑁ℎ

�

𝑋𝑋𝛽𝛽 −𝑋𝑋𝛼𝛼 ≈ℎ

2

�𝑧𝑧 �𝑋𝑋𝛽𝛽 � − 𝑧𝑧 (𝑋𝑋𝛼𝛼 )�

[5. 7]
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Figure 5. 5 A screenshot from Surfer software showing the geometric parameters of the
grid used for mapping geochemical properties (Tmax, TOC and HI) in the study area.
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5.3.5 Limitations
The Pyrolysis Rock-Eval method has several advantages including short time of analysis, low
manpower, and small sample amount (Peters 1986); however it has several interpretative pitfalls.
Samples impregnated by bitumen can yield depressed Tmax values, due to carryover of free
hydrocarbons (S1) into the pyrolyzable fraction (S2) (Clementz 1979; Peters 1986; Jarvie
2012b). Another factor that may introduce error is the TOC, because in samples with low TOC
(about <1%), the OI reflects matrix properties, instead of the kerogen properties (Katz 1983). For
these reasons, to identify these problems, interpretations should be supported by visual kerogen
assessment, vitrinite reflectance determination and elemental analysis (Peters 1986; CarvajalOrtiz and Gentzis 2015a).
Furthermore, the determination of TOC0 in this study may be affected by the use of empirical
formulas (e.g Jarvie 2012a), which include simplifying assumptions that may lead to large
uncertainties on the estimation of hydrocarbon generation. The HI0 is determined from a group
of samples that may not be representative of all the kerogen types and hence organic facies in the
basin. This means that, for wells with local changes in organic facies, the HI0 may not be
representative of the true value.

98

5.4 Organic petrography
5.4.1 Organic matter characterization and random reflectance
measurements
A subset of samples was selected for organic petrography and random reflectance measurements
(Ro). The selection criteria were high TOC and/or S2 because this would suggest high OM
and/or high hydrocarbons generation potential. In addition, two samples from well F were
selected because they were distinctive for having lower than average TOC values and higher than
average MinC values. When both alloformations were present in the core, samples from both
intervals were picked.
Organic petrography is a tool for characterizing the complex assemblage of the OM dispersed in
the sediments via optical microscopy, using incident white and ultraviolet (UV) light (Flores and
Suárez-Ruiz 2017). Kerogen type determination is more accurate when bulk properties from
Rock-Eval are complemented by organic petrography (Hackley and Cardott 2016). The
individual components of the organic matter observed under the microscope are defined as
macerals, which have distinctive physical and chemical properties (Spackman 1958). A
classification of the organic matter dispersed in rocks other than coals, used in this study, is
provided in Table 5.5 (ICCP 1998; Taylor et al. 1998; ICCP and TSOP 2002; Sýkorová et al.
2005; ISO 7404-1 2016; Flores and Suárez-Ruiz 2017; Pickel et al. 2017; Mastalerz et al. 2018).
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Table 5. 5 Classification of dispersed organic matter (modified from ICCP, 1998; Taylor et
al., 1998; ICCP and TSOP, 2002; Sýkorová et al., 2005; ISO 7404-1, 2016; Flores and
Suárez-Ruiz, 2017; Pickel et al., 2017; Mastalerz, Drobniak and Stankiewicz, 2018))
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Vitrinite reflectance (%VRo) determination is a petrographic approach to estimate the thermal
maturity of a rock. The vitrinite maceral group (Table 5. 5) comprises organic matter derived
from botanic tissues (woody and cortical tissues) of post-Silurian vascular plants (Hackley and
Cardott 2016; Flores and Suárez-Ruiz 2017).
Vitrinite reflectance is considered one of the most useful and reliable parameters to measure the
maturity level of OM, because it covers the entire temperature range from early diagenesis
through catagenesis into metagenesis (Price and Baker 1985; Hackley et al. 2015)
The reflectance of a material is the proportion of the perpendicularly incident light that is
reflected from a surface (Taylor et al. 1998). It is measured by means of a photometer and is
express by the Fresnel-Beer’s equation ([5.8]):
(𝑛𝑛 − 𝑁𝑁 2 ) + 𝑛𝑛2 𝑘𝑘 2
𝑅𝑅 =
(𝑛𝑛 + 𝑁𝑁 2 ) + 𝑛𝑛2 𝑘𝑘 2

[5. 8]

where n and k are respectively the refractive and absorption indices and N is the refractive index
of the immersion media at the wavelength of the incident light. N, n and k vary with the
wavelength, therefore normalized measurements are made with a monochromatic light at 546 nm
(Durand et al. 1985).
The level of maturity can be estimated from reflectance measurements because the reflectance of
macerals increases with the degree of aromatization and concentration of aromatic molecules,
which are proportional to the thermal alteration (Taylor et al. 1998).
The vitrinite reflectance determination has limitations. The reflectance can be suppressed in
amorphous organic matter rich sediments (Price and Baker 1985; Lo 1993; Carr 2000) — as is
the case with the SWS and UBF (Bloch 1995; Schröder-Adams et al. 1996; Bloch et al. 1999;
Rokosh et al. 2012; Furmann et al. 2015) — giving values lower than the actual maturity level.
Bitumen impregnation can also lower the reflectance of the vitrinite (Clementz 1979; Peters
1986). For this reason, to complement the maturity determination, reflectance measurements on
bituminite were also performed. Bituminite is a maceral from the liptinite group derived from
bacteria substances, algal and other planktonic precursors (Teichmüller 1986; Pickel et al. 2017).
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It is very abundant in marine oil mudstones (Hutton et al. 1994) and is considered as a major
source material for oil (Taylor et al. 1998).
Organic petrography was carried out on selected samples using polished blocks made with a
cold-setting epoxy–resin mixture. After grinding and polishing, the pellets (Figure 5. 6) were
mounted on an incident light Zeiss Axioimager II microscope system, equipped with fluorescent
light sources, and the Diskus-Fossil system, for reflectance measurements. Fluorescent
microscopy of organic matter was performed using UV G365 nm excitation, with a 420-nm
barrier filter. Random reflectance measurements on bituminite (%BRo) and vitrinite (%VRo)
were conducted under oil immersion (objective ×50). The standard reference for reflectance
measurement was yttrium-aluminum-garnet with a standard reflectance of 0.906% under oil
immersion. The reflectance measurements were carried out in the Geological Survey of Canada
Organic Petrology Laboratory in Calgary, Alberta, following the Standard Test Method D7708
from the American Society for Testing and Material (ASTM 2014), and Hackley and Cardott
(2016) methodology.

Figure 5. 6 Example of samples pellets from well F. 178/16 corresponds to sample 2141.6
m, and 177/16 corresponds to sample 2138.3 m.
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5.4.2 Limitations
Bitumen impregnation, as mentioned in section 5.3, not only affects Rock-Eval Tmax, but it can
also cause suppression of vitrinite reflectance (Price and Baker 1985; Peters 1986; Petersen and
Rosenberg 1998; Carr 1999). Also, in deep water marine settings, like the depositional
environment of the SWS and UBF in the study area, the abundance of vitrinite particles is very
limited, and those present are usually reworked during transportation to the depositional
environment, yielding abnormally high values (Hackley and Cardott 2016). Aerobic degradation
in oxygenated environments is another factor that can introduce errors because it can enhance the
reflectance of macerals (Fang and Jianyu 1992). A similar effect is produced by anaerobic
degradation in reducing environment. An example is provided by Synnott et al. (2016), who
showed how the bacterial sulfate reduction process increased the reflectance of bituminites in the
SWS Formation.
Finally, since the microscopist has to subjectively select the particles to be measured,
microscopist bias, concentration, and experience can influence the resultant reflectance
distribution (Barker and Pawlewicz 1993).
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Chapter 6

6

Estimation of exhumation using the compaction analysis
6.1 Introduction

As described in Chapter 1, previous estimates of the post-Eocene erosional denudation
(exhumation) in the basin show significant differences. For this reason, an independent
calculation of exhumation was done on 40 wells using the compaction method (interval transit
time (Δt, μs/m) or the equivalent compressional velocity (p-velocity, V, m/s), from sonic logs).
This method was selected due to the wide availability and coverage of sonic logs data in the
basin.
The approach used differs from previous authors using sonic transit time/velocity data in the
basin (e.g. Magara, 1976; Poelchau, 2001). The compaction method relies on the relationship
between sonic transit time (Δt) and porosity loss with depth (z, m) (Equation [2.7], Chapter 2).
Magara (1976), used an exponential curve (Equation [6.1], similar to Athy’s equation (Equation
[2.5], Chapter 2)) to describe the relationship between Δt and z, where the sonic transit time of a
water-saturated clay at the surface (Depth=0) is Δt0, and b is the exponential decay constant.
Magara (1976) reasoned that Δt0 should not exceed the Δt of water (656 μs/m).
𝛥𝛥𝛥𝛥 = (𝛥𝛥𝛥𝛥0 )𝑒𝑒 −𝑏𝑏𝑏𝑏

[6. 1]

However, Equation [6.1] incorrectly predicts that Δt decreases exponentially with depth, but it
does not account for the fact that Δt for a rock with zero porosity (at infinite depth) approaches a
constant value ( Heasler and Kharitonova, 1996). For this reason, in this work, an equation that
accounts for this issue was used (Chapman, 1983; Heasler and Kharitonova, 1996; Japsen, 2000;
Japsen, Mukerji, et al., 2007), and the methodology followed is described in Section 6.2.
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6.2 The compaction method to estimate exhumation
Exhumation can be estimated as net or gross exhumation (Fig. 6. 1). Net exhumation (EN) is the
difference between the present-day burial depth of a reference unit and its maximum burial depth
before exhumation. Gross exhumation (EG) represents the magnitude of erosion that must have
occurred at a reference unconformity before exhumation and re-burial (Corcoran and Doré
2005). If no reburial occurs, gross exhumation equals net exhumation.
The normal compaction trend (NCT) is a function that describes how sonic velocity (1/ Δt )
increases with depth in a relatively homogeneous, brine-saturated formation, where porosity is
reduced during normal compaction (Japsen 1998). Normal compaction refers to conditions when
the fluid pressure is hydrostatic, and the formation is at maximum burial depth (Japsen 1998)
(Fig. 6. 1A). Disparities between the velocity predicted by the NCT and the measured velocity at
a given depth may indicate overpressure (undercompaction) or exhumation (overcompaction).
Undercompaction can occur when low permeability sediments experience rapid burial, which is
known as disequilibrium compaction (Osborne and Swarbrick 1997; Rider 1999) (Fig. 6. 1B). As
the sediments are compacted and intergranular pore volume is reduced, the formation fluids are
forced to escape; when the fluid diffusion is hindered (e.g., due to low permeability) the pore
pressure rises as the fluid accommodates the increasing load, causing a reduction in the rate of
porosity loss (Section 2.6, Chapter 2). Consequently, the Δt increases and the velocity observed
is lower than expected for the corresponding burial depth, producing a negative shift from the
NCT (-EG).
When post maximum burial depth (BMAX ) exhumation occurs (Fig. 6. 1C), the stratigraphic
sequence shows an anomalously high velocity with respect to its present burial depth, leading to
a positive displacement from the NCT (EG). If there is re-burial of the sedimentary sequence
after exhumation (BE) (Fig. 6. 1D), the vertical distance between the NCT and the high velocity
compaction trend is reduced to the present-day depth (BPD) (Menpes and Hillis 1995; Corcoran
and Doré 2005; Japsen et al. 2007b).
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Figure 6. 1 Evolution of velocity versus depth in exhumed sedimentary basins (modified
from Corcoran and Dore (2005) and Tassone et al. (2014)). A) Normal compaction under
hydrostatic conditions in a subsiding basin. B) Rapid burial of low-permeability sediments
can develop overpressure, leading to anomalous low-velocity compaction trend and a
negative vertical displacement (-EG) from the normal compaction trend (NCT). C) Post
maximum burial (BMAX) exhumation leads to an anomalous high-velocity compaction
trend, with a corresponding vertical displacement from the NCT, from which the
magnitude of gross exhumation (EG = EN + BE) can be estimated; BE refers to the postexhumation reburial. D) Post exhumation re-burial (BE) reduces the vertical displacement
between the NCT and the high-velocity compaction trend to its present burial depth (BPD),
from which the net exhumation can be estimated (EN). The black filled circle represents a
reference point of the mudstone unit of interest.
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The amount of exhumation, consequently, will be given by the vertical difference between the
present-day velocity-depth data for the formation evaluated, and the normal compaction trend
(Japsen et al., 2007) (Fig. 6. 1). The relationship between net exhumation (EN), maximum burial
depth (BMAX) and the present-day burial depth (BPD) is expressed according to Corcoran and
Dore (2005) as:
BMAX = EN + BPD

[6. 2 ]

Net exhumation equals gross exhumation (EG) only in those cases where the erosional
unconformity is at the present-day surface. In those areas where post-exhumation re-burial (BE)
occurred (Fig. 6.1D), the gross exhumation can be calculated using the expression (Corcoran and
Dore, 2005):
EG = EN + BE

[6. 3]

Net exhumation is more important to petroleum exploration than gross exhumation because it
controls the compaction, maturation and diagenetic state of source, reservoir and seal rock (Doré
and Jensen 1996; Doré et al. 2002; Corcoran and Doré 2005).
The selection of a normal compaction trend requires estimating the mathematical function that
describes the compaction of formations in areas that are currently at their maximum burial depth
(Corcoran and Doré 2005). In the Western Canada Foreland Basin, post-Eocene isostatic uplift
and erosion affected most areas of the basin, making it difficult to find rock units at their
maximum burial depth and hydrostatic pressure. However, recent studies have demonstrated that
compaction curves should be considered as physical models for specific lithologies, linked to the
velocity-porosity transforms developed in rock physics (Japsen 1998, 2000, 2018; Japsen et al.
2007b), independently of the basin location or formation age. For example, Figure 6. 2 shows
compaction curves calculated from marine mudstones from different basins in the world; the
similarities between these curves suggest that the curves reflect the physical properties of the
rocks, instead of the basin location. This study calculates exhumation based on compressional
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velocity using a reference normal compaction curve specific for marine mudstones, as suggested
by Japsen (2000) (Equation [6.4]).
𝑧𝑧

𝑉𝑉 = 106 /(460𝑒𝑒 −2175 + 185)

[6. 4]

Equation [6.4] describes the increase of compressional velocity (V, m/s) with depth (z) as result
of compaction of marine mudstones dominated by smectite/illite, according to the reciprocal
exponential transit time-depth function of Equation 6. 5 (Chapman 1983; Heasler and
Kharitonova 1996):
𝑧𝑧

𝛥𝛥𝛥𝛥 = (𝛥𝛥𝛥𝛥0 − 𝛥𝛥𝛥𝛥∞ )𝑒𝑒 −𝑏𝑏 + 𝛥𝛥𝛥𝛥∞

[6. 5]

where Δt∞ is the transit time at infinite depth (other variables were defined in Equation 6.1).
Equations [6. 4] and [6.5] are constrained by boundary conditions related to the physical
properties of the rock. The velocity at the surface approaches the velocity of the sediments in
suspension, 1550 m/s or a transit time of 645 μs/m (Nur et al. 1998). The velocity at infinite
depth corresponds to the rock matrix (Heasler and Kharitonova 1996; Japsen 2000; Japsen et al.,
2007), 5405 m/s or a transit time of 185 μs/m (Japsen 2000). The term 460 in Equation 6.4
results from the difference between the transit time at surface and at infinite depth, as shown in
equation 6.5 (i.e., 645 – 185 μs/m). The decay constant “b” has a value of 2175 m. Therefore, in
contrast to previous studies in the basin using Equation [6. 1] (e.g., Magara 1976; Poelchau
2001), the NCT (Equation [6. 4]) used in this work is more appropriate to describe the
compaction process and consequently to determine the magnitude of net exhumation.
At maximum burial depth z equals BMAX, therefore by substituting BMAX (Equation [6. 2]) in
Equation [6. 4], it is possible to calculate the vertical distance between the present-day depth data
and the NCT (EN, m), using Equation [6. 6]. In this equation (V’) is the velocity of the over
compacted or exhumed interval at present-day depth (BPD, m). Details of substitution and
derivation of this equation are provided in Appendix C.
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𝐸𝐸𝑁𝑁 = −(2175 × 𝐿𝐿𝐿𝐿 �

106
185
−
� + 𝐵𝐵𝑃𝑃𝑃𝑃 )
′
460 × 𝑉𝑉
460

[6. 6]

The compaction curve of marine mudstones from Japsen (2000) (Equation [6. 4]) was calculated
from velocity data from the Lower Jurassic Fjerritslev Formation in the Danish basin. This
Formation was deposited in a muddy shelf environment and is dominated by blackish and siltstreaked mudstones with thinner intervals of pale, fine-grained heterolithic sandstone (Pedersen
1985). Mudstones are preferred in compaction analysis because the compaction is primarily
controlled by physical forces, in contrast to sandstones where chemical and mineralogical agents
have a major impact. Moreover, they do not act as aquifers with the consequent effects on
porosity (Magara 1980; Japsen 1999).
The applicability of the marine mudstones NCT proposed by Japsen (2000) is supported by its
match with compaction curves estimated from marine mudstones at their maximum burial depth
and hydrostatic pressure in different basins and different ages (e.g., Baig et al., 2016; Hansen,
1996; Tassone et al., 2014). Figure 6.2 shows that compaction curves are dependent on physical
properties of the rocks and not on the basin location or the formation age (Japsen 2018).
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Figure 6. 2 Comparison of compaction trends from marine mudstone units from different
basins and ages. 1) Jurassic- Cenozoic marine mudstone, Norwegian Shelf South of 66º N
(Hansen 1996). 2) Lower Jurassic marine mudstone, Danish Basin (Japsen, 2000), used in
this study. 3) Campanian-Danian marine mudstone, Shetland Group, Faroe-Shetland
region ( Tassone et al., 2014). 4) Aptian-Albian marine mudstone, Kolmule Formation,
Barents sea (Baig et al. 2016). 5) Paleogene marine mudstone, Torsk Formation, Barents
Sea (Baig et al. 2016).
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6.3 Exhumation estimation from Wapiabi Formation in the
Western Canada Foreland Basin
The Upper Cretaceous Wapiabi Formation in the study area is a marine mudstone-dominated
sequence interbedded with thin sandstones (Campbell and Lerbekmo 1963), similar to the
Fjerritslev Formation used by Japsen (2000). The Wapiabi Formation was selected to estimate
exhumation because it is thick and laterally continuous, which provides regional consistency for
the analysis (Menpes and Hillis 1995).
To make a stratigraphic framework, cross -sections were built in the Exploration and Production
Platform Petrel©, from Schlumberger. Formation tops from the Wapiabi Formation were
extended from Hu (1997) into the wells selected for the exhumation estimation in this study.
Formations tops for the SWS Formation were extended from the equivalent alloformations from
Tyagi (2009). Other formation tops were first confirmed using the cross-section tool in
geoSCOUT, and then imported into the cross-sections built in Petrel©.
Petrophysical logs were used to identify unwanted borehole environment effects in the sonic log
and to isolate mudstone intervals. These analyses were done with the use of the Techlog©
Wellbore Software Platform from Schlumberger. Gamma-ray, caliper, resistivity and sonic logs
were acquired for the 37 wells, from Divestco’s well log library. With few exceptions (3 wells),
most wells had neutron porosity and bulk density logs. Prior to analysis all the data was quality
checked and intervals affected by unwanted effects were removed. Caliper logs were used to
identify formation damage and unwanted environmental influence on the sonic logs (cycle
skipping and noise triggering) (Rider 1999).
Drill stem tests (DSTs), resistivity and sonic logs were used to evaluate overpressured zones
(Bigelow 1994; Osborne and Swarbrick 1997). DSTs facilitate the identification of abrupt
departures (e.g., overpressure) from a normal hydrostatic pressure gradient (i.e., approximately
10 kPa/m); these zones are corroborated in corresponding wireline geophysical logs by a
decrease of resistivity and an increase of the sonic transit time (Bigelow 1994; Osborne and
Swarbrick 1997).
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The combination of photoelectric factor, neutron porosity, bulk density, resistivity, and gammaray logs, along with well reports, were used to identify fluids and lithology-related variations of
the sonic logs. For example, mudstone intervals are characterized by high gamma-ray, and
increase of neutron density and decrease in bulk density (Rider 1999). Coals are recognized by
low gamma-ray, low density, high resistivity and extremely low photoelectric factor. Waterbearing sandstones will tend to exhibit low gamma ray, high neutron porosity and low resistivity.
The presence of fluids increases the transit time and hence decreases the velocity. Fluid-rich
interval may be confirmed with the aid of well reports (Rider 1999).
In addition, sediments rich in thermally mature organic matter show an increase in transit time
and resistivity (Meyer and Nederlof 1984) . When both logs — sonic and resistivity — are
displayed in a standard depth plot and their scales are shifted, the curves will overlay over
organic-lean intervals and will diverge over organic-rich or hydrocarbon zones (Passey et al.
1990). This principle was used to identify and dismiss apparent organic matter rich or
hydrocarbon bearing intervals in the Wapiabi Formation. As an example, in Figure 6. 3, sonic
data from the interval between 1475 m and 1525 m was dismissed.
To isolate mudstone intervals, gamma ray logs were used to calculate a GR mudstone index (IGR)
(Equation [6.7]) that was used to estimate mudstone volumes (VSH) using Equation [6. 8]
(Clavier et al. 1984). Only intervals with mudstone volumes higher than 0.8 V/V were used to
compute exhumation (Figure 6.3)
𝐼𝐼𝐺𝐺𝐺𝐺 =

𝐺𝐺𝐺𝐺𝑙𝑙𝑙𝑙𝑙𝑙 − 𝐺𝐺𝐺𝐺𝑐𝑐𝑐𝑐
𝐺𝐺𝐺𝐺𝑠𝑠ℎ − 𝐺𝐺𝐺𝐺𝑐𝑐𝑐𝑐

[6. 7]

In Equation [6. 7], GRlog is the gamma ray response in the zone of interest. GRcl is the response
of the nearest cleanest sandstone Formation, which was obtained from the percentile 5 of the
Gamma Ray data distribution. GRsh is the response of the mudstones, which was obtained from
the percentile 95 of the Gamma Ray data distribution.
1�
2

𝑉𝑉𝑆𝑆𝑆𝑆 = 1.7 − (3.38 − ( 𝐼𝐼𝐺𝐺𝐺𝐺 + 0.7)2 )

[6. 8]
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Figure 6. 3 Well logs (from well D) used to identify lithological changes, overpressure,
organic matter richness and V(SH). The interval highlighted in green corresponds to the
Wapiabi Formation, whereas other formations are limited by deep blue tops. The red dots
oval shows an apparent cross-over of the sonic and resistivity logs which suggest that this
interval is OM-rich or hydrocarbons-rich (Passey et al. 1990). Therefore, it was not
considered during the exhumation estimation. Pe= photoelectric factor, GRS= Gamma Ray
log (API), Cal= Caliper (mm), AC = sonic transit time (μS/m), DEN= Density (kg/m3),
POS= neutron porosity (v/v), ILD= resistivity (ohmm), V(SH)= mudstone volume (v/v).
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The lithological interval (Wapiabi Formation) was divided in intervals of 15± 5 m, and average
velocity and mid-point depth per unit was calculated. The net exhumation was estimated based
on the vertical distance between the normal compaction trend and the present-day depth of each
velocity data point (Equation [6. 6], Fig. 6.4). An average net exhumation was calculated per
well and the standard deviation is reported. In Figure 6.4, the interval used to estimate
exhumation (Wapiabi Formation) is marked with a dotted line. The interval corresponding to the
SWS and BF Formations and the Lower Colorado Group shows a decrease in velocity, possibly
related to the presence of organic matter or overpressure due to hydrocarbon generation.

Figure 6. 4 Estimation of exhumation magnitude on well D. The net exhumation (EN) =
2280 m is the average distance between the present-day burial depth of each velocity data
point (red curve) from Wapiabi Formation, and the normal compaction trend (Japsen,
2000).
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6.4 Mapping of exhumation magnitude
Like the geochemical properties (Chapter 5), the net exhumation per well was mapped using the
Kriging algorithm in the Golden Software program Surfer. The geometry parameters of the grid
used for mapping exhumation magnitude in the study area is showed in Figure 6.5.

Figure 6. 5 A screenshot from Surfer software showing the geometry parameters of the
grid used for mapping exhumation magnitude in the study area.
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6.5 Limitations
Corcoran and Doré (2005), provides a comprehensive review of the limitations of estimating
exhumation using compaction-based approaches. Data noise due to lithological variations and
diagenesis imprint may obscure the compaction trends. The existence of laterally extensive, thick
and relatively homogeneous formations is important to maintain consistency of the estimates
(Ware and Turner 2002). The identification of overpressure is critical since it can lead to
underestimations of the exhumation magnitude. Another source of uncertainty is the
underestimation of exhumation due to poroelastic rebound during basin inversion (Bowers 1995;
Japsen 2000). Laboratory test and empirical observations, however, suggest that compaction is
largely irreversible (Giles et al. 1998)
The determination of exhumation using the compaction/velocity method strongly relies on the
conditions of the sonic logs. Formation damage and induced-stress relief fracturing around the
wellbore can seriously impact the response of the sonic tool (Ellis and Singer 2007). In addition,
as previously discussed in Chapter 2, sonic logs can be affected by organic matter and
hydrocarbons (Passey et al. 1990), cycling skipping and noise triggering (Rider 1999), and
overpressure (Bigelow 1994; Osborne and Swarbrick 1997).
The precision of the tool is also a source of uncertainty in the exhumation determination. For
example, the sonic tool has a precision of 3.28 μs/m (Asquith and Krygowski 2006). The
exhumation magnitude in well D (Fig. 6.4) is estimated as 2280 m. Considering the precision of
the tool, this value can vary between 2220 m and 2400 m. Therefore, the assessment of the
impact of the tool precision is important.
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Chapter 7

7

Basin modelling
7.1 Introduction

A basin model simulates basinal processes in discrete time steps, beginning with the deposition
of the oldest layer and progressing to the present day when the entire sedimentary succession has
been deposited. During the simulation, several geological processes are calculated and updated at
each time step. The processes simulated in this study were deposition, compaction, heat flow and
petroleum generation. Figure 7. 1 depicts the general process of building a basin model, which is
divided into two stages: model construction and forward modelling.
During the first stage (see blue boxes in Figure 7. 1), a geometrical model or structure that
considers the geometry and the different events that shaped the basin is constructed (Al-Hajeri et
al. 2009; Hantschel and Kauerauf 2009). This geometrical model consists of a discretized
numerical representation of layers based on the ages, formations and alloformations tops.
Unfortunately, no seismic survey data is publicly available in the study area; such data would
provide evidence for the structural configuration at scales that are unattainable with well data
alone. The model comprises a mesh containing grids with cells as the smallest volumetric units.
Geochemical, lithological, thermal, geochronological, tectonic data and boundary conditions are
defined in the cells as single, effective or average values (Hantschel and Kauerauf 2009).
The second stage is the forward modeling (see orange boxes in Figure 7. 1), where geological
processes like the thermal evolution (heat flow analysis) and the hydrocarbon generation are
simulated (Al-Hajeri et al. 2009; Hantschel and Kauerauf 2009). The output data from the model,
like vitrinite reflectance and temperature, were compared to external calibration data, and
adjustments were made to improve the match.

117

Figure 7. 1 Steps of basin modelling and simulated geological processes in this study. The
basin modelling involves two steps: construction of the geometrical model and simulation of
geological processes through the forward modeling. Modified from Al-Hajeri et al. (2009)
and Hantschel and Kauerauf (2009).
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7.2 One dimension and two-dimensional basin models
The 1-D and 2-D numerical basin models were constructed using the PetroMod© software suite
v.2014.1 from Schlumberger. The 1-D model reconstructs the burial trajectory, thermal
evolution, and hydrocarbon generation at a single location. Preliminary 1-D models were built to
determine the boundary conditions for each well; these were used for initial calibrations with the
borehole temperatures and vitrinite reflectance data. In addition, these models were used to
assess the influence of input parameters on the estimated transformation ratio.
Although these 1-D models were useful to produce preliminary results and evaluate the input
data, they do not reproduce the conditions in natural systems, as the corresponding calculations
of temperature and pressure are one-dimensional.
The 2-D models combine several 1-D burial models to create a transect that portrays the
geological evolution of the study area. In contrast to 1-D models, 2-D models facilitate the
estimation of migration pathways. They are more useful to evaluate lateral changes of the
thermal field and relate maturity differences to such variations. 2-D models also better represent
the hydrocarbon generation, as the calculations of pressure and temperature are two-dimensional.
However, since in nature, maturation occur in a multidimensional setting, the closest to real
conditions representation is provided by 3-D models, which were not done in this study.
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7.3 Model construction and data input
7.3.1 Geometry, lithology and stratigraphy
To build the geometry of the 1-D and 2-D models, the layers were input according to the
lithostratigraphic framework provided in Table 7. 1, and the allostratigraphic framework of the
SWS and UBF shown in Figure 5. 2.
The thickness of the preserved stratigraphic units was determined from well logs using data from
the literature (Hu, 1997; Bloch et al., 1999; Tyagi, 2009) and some tops were confirmed with
data from GeoSCOUT. In cases where the subject well did not penetrate deeper formations, the
thicknesses were extrapolated from nearby wells and/or estimated from isopach maps published
in the Geological Atlas of the Western Canada Sedimentary Basin (Mossop and Shetsen 1994).
The lithological information (i.e., rock type, texture, mineralogy) was collected from publicly
available sources (Glass 1990; Mossop and Shetsen 1994; Bloch et al. 1999). The input of
lithological characteristics is required because properties like thermal conductivity, heat capacity,
radioactive heat, compaction parameters (e.g., depositional porosity, compressibility), essential
for the modelling, are specific to the type of rock and composition. PetroMod© has a library of
these properties, collected from the literature (e.g., experimental data from Doug Waples).
Therefore, the software assigns these properties according to the lithological information
provided in the property’s tables.
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Table 7. 1 Stratigraphic framework used to build the 1-D and 2-D models in the foredeep
section of the WCSB. Sources: Glass (1990), Creaney and Allan (1990), Atlas of the
Western Canada Sedimentary Basin (Cross-section D-D’ on page 28) (Mossop and Shetsen
1994), Bloch et al. (1999), Higley et al. (2005) and Table of Formations of Alberta (Alberta
Geological Survey 2015).* The Cenozoic or post-Laramide exhumation magnitude is shown
in the table as a reference and is taken from the literature (e.g Magara 1976, Hacquebard
1977, Nurkowski 1984, Bustin 1991, Poelchau 2001b) . In this study, however, the
exhumation magnitudes input were calculated using Japsen (2000) method, described in
Chapter 6.
Ages (Ma)

Era/Period

Stratigraphic unit

Petroleum system element

Cenozoic

Erosion

*520-3300 m

58.3

0

61.1

58.3

Paskapoo

70.6

61.1

Edmonton

80.6

70.6

83.5

80.6

Lea Park

89

83.5

Wapiabi

Seal

91

89

Cardium

reservoirs

93

91

Second White Specks

source rock- reservoirs

96

93

Belle Fourche

source rock- reservoirs

97

96

Fish Scale

99

97

Westgate

106.4

99

Viking

Reservoir

108.8

106.4

Joli Fou

Seal

119

108.8

Mannville

source rock and reservoir

Cretaceous

Belly River
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Continuation Table 7.1
Age (Ma)

Era/Period

Stratigraphic unit

Petroleum system element
500-2500 m

133

119

Erosion

145

133

Nikanassin

199

145

229

199

252

229

342

Jurassic

Fernie

source reservoir and seal

Erosion

0-500 m

Triassic

Triassic system

source rocks and reservoirs

252

Permian

Hiatus

347

342

Carboniferous

Shunda and Pekisko

357

347

Banff

reservoir

367

357

Exshaw

seal and source rock

372.2

367

378.5

372.2

Winterburn

382.7

378.5

Woodbend

392

382.7

Elk Point

485

392

Hiatus/erosion

510

485

Devonian

Cambrian

Wabamun

Cambrian system

source rock
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7.3.2 Timing of deposition, erosion, and tectonic events
The timing of deposition of the layers, tectonic events and depositional hiatus (Table 7. 1) were
collected from the literature (Creaney and Allan 1990; Mossop and Shetsen 1994; Bloch et al.
1999; Alberta Geological Survey 2015).
Regarding exhumation and erosion, three major regional erosional episodes occurred in the
WCFB (Jurassic, Cretaceous and Cenozoic). The two oldest events pre-date the SWS and UBF
deposition and the time of maximum burial of the source rocks in the basin (Creaney and Allan
1990), therefore, they have no effect on the interval of interest. The latest erosion event occurred
post Eocene time. This event may have halted maturation of the organic matter in the SWS and
UBF and affected the petroleum system evolution.
The estimated post-Eocene exhumed thickness in the study area ranges from 520 to 3300 m,
increasing from east to west (Magara 1976; Hacquebard 1977; Nurkowski 1984; Poelchau 2001).
In this study, the exhumation magnitudes were calculated using the method described in Chapter
6. These values were adjusted during the modeling process according to the interval determined
by the estimated standard deviation to maintain consistency with the available calibration data.

7.3.3 Boundary conditions
The boundary conditions required for the burial and thermal models are the surface water
interface temperature (SWIT), the basal heat flow and the paleo water depth (PWD) (Hantschel
and Kauerauf 2009).
The depth to water sediment interface or paleowater depth (PWD) can be derived from isostasy
considerations of crustal stretching models, and from known distributions of sediments facies
(Hantschel and Kauerauf 2009). In this study, the PWD in the basin was taken from Greenlee
and Lehmann (1993), Hay et al. (1993), and Plint et al. (2009, 2012), based on sedimentary
facies analysis.
The variation of the SWIT over geological time is collected using Wygrala (1989) model, which
is already available in the software. To adapt the model to the conditions of the study area,
information of the location and PWD must be provided (Hantschel and Kauerauf 2009).
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The present-day basal heat flow is taken from Bachu (1993) and Weides and Majorowicz (2014),
which was estimated using corrected borehole temperatures and Drill Stem Test temperature data
(DST), and thermal conductivity data according to Fourier’s law (Equation 2.3, Chapter 2). The
present-day basal heat flow is used in the heat flow analysis process (section 7.4.3)

7.3.4 Geochemical data
Chapter 5 describes the collection of the geochemistry data used in the basin models. The
parameter used as indicator of thermal maturity was the Rock-Eval Tmax. To model the
hydrocarbon generation according to a certain kinetic reaction, and predict the volume and
properties of hydrocarbons generated, PetroMod© requires the input of the TOC0, TOC, HI and
HI0. The kinetic parameters for the reaction can be either provided from experimental data or
selected from a database of reaction kinetics related to kerogen types, available in the software
(Al-Hajeri et al. 2009). In this study, experimental kinetic data was not available, therefore
empirical parameters from the software library were used. The selection of these parameters was
done according to the kerogen type, previously determined as indicated in Chapter 5 (Further
description is provided in the next section).

7.4 Forward modelling of geological processes
7.4.1 Deposition, erosion and geological events
The past geometry of the basin was reconstructed using the back-stripping method integrated in
PetroMod© 2014. In this method, the layers are removed from the sedimentary sequence
according to the provided erosion/exhumation thickness. Each layer is decompacted and the
depositional thickness is calculated based on the present-day thickness using lithology-dependent
porosity versus depth relationships, integrated in the software. (Hantschel and Kauerauf 2009;
Allen and Allen 2013).

7.4.2 Pressure calculation and compaction
There are two ways to calculate pressure and model compaction in PetroMod©. If pore pressure
and porosity from the reservoir are available, this data can be used to model pressure and
calculate compaction, according to rock physics principles (Chapter 2, section 2.2.5). When this
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data is not available, pore pressure and porosity evolution with depth are assumed according to
theoretical curves built in the software, which are assigned to the model according to the
lithology provided.

7.4.3 Heat flow analysis
The calculation of temperature over geological time and its spatial variation is a critical step in
basin and petroleum system modeling, because hydrocarbon generation depends on thermal
exposure, according to the Arrhenius equation (Chapter 2, Equation (2.2) (Poelchau et al. 1997).
The calculation of temperatures in the sedimentary layers requires the analysis of the variations
of heat flow. In the lithosphere the base heat flow (Figure 7. 2) is caused by the difference
between the top and base temperatures, which are the SWIT and the temperature at the boundary
between the asthenosphere-lithosphere (Tb). This base heat flux into the sediments is dependent
on the thermal conductivity and the thickness of the lithosphere (Hantschel and Kauerauf 2009).
Therefore, the process of modeling and analysis of heat flow is commonly subdivided into two
problems: the consideration of the heat influx into the sediments (Figure 7. 2A), and the
temperature calculation of the sediments’ layers afterward (Figure 7. 2B and Fig 7.3) (Hantschel
and Kauerauf 2009).

7.4.3.1 Present-day base heat flow
As explained in the boundary conditions section 7.3.3, in this study, the present-day base heat
flow was taken from public basement heat flow maps (Bachu 1993; Weides and Majorowicz
2014). This present-day heat flow (Q) and the SWIT were used to calculate the temperature in
each layer (TL) (Figure 7. 3) according to Fourier’s Law (Chapter 2, Equation [2.3]). The thermal
conductivity (K) is estimated by the software as the average between the rock (according to the
lithology) and the fluid; z is the distance between the layer and the surface.

7.4.3.2 Paleo heat flow
Unlike the present-day heat flow, there is no public information about the paleo heat flow in the
basin. However, it is possible to use vitrinite reflectance as a paleo thermometer (Harris and
Peters 2012). The series of reactions that vitrinite undergoes with increasing temperature are
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modeled by Burnham and Sweeny (1989) and Sweeny and Burnham (1990) according to a series
of parallel Arrhenius equations. These equations are used to calculate vitrinite elemental
composition as a function of time and temperature. The resulting model makes it possible to
obtain a profile of vitrinite reflectance versus depth for a given layer or sedimentary sequence
(Sweeny and Burnham 1990).
To estimate the paleotemperatures, values of assumed paleo heat flow were adjusted until there
was a match between the modelled vitrinite reflectance (estimated by the software based on the
provided heat flow, Fourier’s Law to estimate temperatures (Equation [2.3]), and Sweeny and
Burnham (1990) algorithm), and the measured vitrinite reflectance (see Chapter 5). These
adjustments were done during the calibration process.
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Figure 7. 2 Heat flow analysis subdivision into: A) the calculation of the heat influx into the
sediments, and B) the forward calculation of temperatures in the sedimentary layers. Tb is
the temperature at the base of the lithosphere. Modified from Hantschel and Kauerauf
(2009), illustration by Burns Cheadle (used with permission).
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Figure 7. 3 Hypothetical burial diagram illustrating the calculation of the temperature of
each layer (L = A, B, C, D, E) at depth Z, based on the boundary conditions heat flow (Q)
and surface water interface temperature (TSWI). Illustration by Burns Cheadle (used with
permission).
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7.4.4 Hydrocarbon generation
Hydrocarbon generation is modelled by PetroMod© according to a series of parallel reactions
that describe the decomposition of the organic matter into hydrocarbons (primary cracking), and
the subsequent breakdown to smaller molecules in source and reservoir rocks (secondary
cracking) (Al-Hajeri et al. 2009). These reactions are subject to the time and temperature (which
is controlled by heat flow and burial trajectory), and the kinetic parameters specific to the
kerogen type (Tissot and Welte 1984).
In nature, the composition of the kerogen is rarely represented by the end members (Type I, II,
III). Instead, kerogen is made up of different types of OM components forming unique mixtures
of kerogen types. Because of such composition complexity, the best approach to model
hydrocarbon generation is to determine the kinetic parameters of the thermal degradation
reactions of the OM in the source rock (e.g., AbuAli et al., 1999). Then, input these parameters
into the modeling software to model the hydrocarbon generation on a regional scale (e.g., Inan et
al., 2017).
Unfortunately, there is no publicly available information of kinetic parameters specific to the
SWS and UBF kerogen. Therefore, since the SWS and UBF are characterized as being
dominated by kerogen type II (Bloch et al. 1999; Furmann et al. 2015), kinetic parameters were
selected from a public model of the thermal degradation of a kerogen type II (Vandenbroucke et
al. 1999), available in the software library. This is a common practice in cases where the kinetic
parameters are not available (Al-Hajeri et al. 2009).
To reduce uncertainty, however, the selection of the model was based on the comparison
between the TR resulting from several kinetic models specific to kerogen type II (Pepper and
Corvi, 1995; Behar et al., 1997; Vandenbroucke et al., 1999) and the TR estimated independently
using Rock-Eval data from immature data (Chapter 5).
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7.4.5 Calibration
The model calibration is accomplished by adjusting the exhumation estimates and heat flow until
there is a match between model prediction and independently estimated present-day temperatures
and paleotemperatures (Al-Hajeri et al., 2009; Harris and Peters, 2012). This way, multiple
models are evaluated and the one with the best match between modeled and predicted
temperatures is selected.

7.4.5.1 Vitrinite reflectance
The modeled paleotemperature, expressed as vitrinite reflectance versus depth profiles, is
calibrated with measured vitrinite reflectance. The modeled paleotemperature profile was
obtained using the Sweeny and Burnham (1990) algorithm, as described in section 7.4.3.2. The
determination of the measured vitrinite reflectance is described Chapter 5.

7.4.5.2 Borehole temperatures
The present-day modeled formation temperatures are calibrated with borehole temperatures; in
this study Drill Stem Test temperatures (DST) were used because they provide equilibrated
down-hole formation temperature at times shortly after drilling (Beardsmore and Cull 2001).
To use borehole temperature as a calibration parameter, it is ideal to have several data points
from different formations (Beardsmore and Cull 2001; Hantschel and Kauerauf 2009). For this
reason, in those wells that lacked adequate vertical coverage of temperature data, a local
integrated geothermal gradient for each well was built using temperature data from nearby wells
(Beardsmore and Cull 2001), according to Equation [2.4] (Chapter 2). Some wells had
temperature from the Precambrian basement and when this information was not available, the
temperature was taken from published maps (e.g., Weides and Majorowicz 2014). The
temperature at the surface was assumed to be 5 ºC, according to Bachu and Burwash (1994). The
calculated local geothermal gradient was used to estimate formation temperatures for the
modeled wells.
To construct the local integrated geothermal gradient from nearby wells the Inverse Distance
Weighted interpolation algorithm was used. In this method, the unknown values of the points of
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interest (in this case wells) (), are determined using weighted values from the available known
points (Xi) (Chiles 2012). The weighting factors (ω) were calculated as the inverse of the square
of the offset distance between points (Figure 7. 4). The temperature gradient of the formation in
the unknown point, or weighted mean, was then calculated as the sum of the offset values times
their respective weighting factors, divided by the sum of the weighting factors (Equation [7.1]):
𝜒𝜒̅ =

∑𝑛𝑛𝑖𝑖=1 𝜔𝜔𝑖𝑖 𝜒𝜒𝑖𝑖
∑𝑛𝑛𝑖𝑖=1 𝜔𝜔𝑖𝑖

[7. 1]
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Figure 7. 4 Illustration of the use of nearby wells to build a local geothermal gradient for
each well using the Inverse Weighted Distance Method. A, B, C and D represent wells with
known temperature. W, X, Y and Z are the distances between the wells with known
temperatures and the well to be modeled. Illustration by Burns Cheadle (used and
modified with permission).
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7.4.6 Uncertainty assessment
The analysis of the impact of uncertain data on the model was done using Tornado charts
(Hantschel and Kauerauf 2009; Hicks et al. 2012). These diagrams show the sensitivity of a
result to changes in selected dependent variables. Multiple simulations are run, with each run
holding all other variables at a constant “base case” value and substituting the maximum and
minimum limits for a single variable. The outcome is plotted in bar diagrams in which the bars,
corresponding to each variable, display the range of the model output corresponding to the range
of the input variable (Fig. 7. 5).

Figure 7. 5 Example of tornado plot showing the effect of different variables depicted in the
figure, on total net oil yields (million stock tank barrels (MSTB)) from a hypothetical
example. Bars below the dashed line are from variables for which the influence is
considered not important. Source: Hicks et al. (2012)
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7.5 Limitations
The main factor introducing uncertainties and hence limiting the models is the accuracy of the
data used. For example, generalizations made in the assignment of lithologies and consequently
in the calculation of petrophysical and physicochemical parameters may not account for internal
heterogeneities in the layers.
The use of kinetic models such as kerogen conversion and organic matter maturation also
introduces uncertainty. Particularly in this study, the kinetic parameters used to estimate the
hydrocarbon generation were not calculated from experimental data of the studied Formation;
instead, empirical parameters according to the kerogen type were used. Although this is the most
appropriate approach based on the available data, uncertainty may be reduced by using
experimental data corresponding to the source rock which would account for organic facies
differences.
Another important limitation is the amount of calibration data since it is ideal to have a depth
profile of calibration data from different formations. In this study the vertical coverage of the
calibration data is short and multiple runs of heat flow and thermal maturation are performed to
obtain the best-fit scenario to overcome this limitation (Higley et al. 2006).
Finally, when evaluating the impact of the different input variables on uncertainty in outcome
model it is important to consider that tornado plots do not account for dependencies between the
variables. For this reason, the modeler should give dependencies some thought before providing
conclusions (Hicks et al. 2012).
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Part III Results
Chapter 8

8

Organic petrography and geochemical characterization of
the Cretaceous Upper Belle Fourche and Second White
Specks alloformations
8.1 Overview

Chapter 8 presents the results from the organic geochemistry and petrography analysis of
mudstones from the UBF and SWS alloformation in west-central Alberta. These results consist
of the thermal maturity estimation, organic matter richness, kerogen type, rate of kerogen
conversion (TR) and paleoenvironmental conditions.

8.2 Organic geochemistry characterization
Table 8. 1 summarizes the statistical parameters of the results from Rock-Eval, LECO total
sulfur analysis, bituminite reflectance, vitrinite reflectance, transformation ratio, and original
TOC (TOC0). The samples are located in a thermally mature area according to Creaney and
Allan (1990) and Bloch et al. (1999). These results come from the average data from both
alloformations. The full data set can be found in Appendices D1 and E.
Similarly, Table 8. 2 shows the averaged data from both alloformations from samples located in
a thermally immature zone. The full dataset can be found in Appendix D2.
Data included in the geochemical properties maps in Figures 8.3, 8.4, 8.5 and 8.6 (Tmax and
present-day HI and TOC) come from publicly available information (e.g. Snowdon, 1994, 1995;
Fowler and Snowdon, 1998; Bloch et al., 1999; Furmann et al., 2015).
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8.2.1 Rock-Eval and total sulfur analysis of the samples located in the
mature zone
8.2.1.1 Thermal maturity
Thermal maturity, expressed as mean Tmax, varies from 433°C to 448 °C between wells in the
study area (Table 8.1; Fig. 8.1). Samples from wells D and G have the lowest mean Tmax value
of 433°C and 436°C, respectively. In samples from wells A, B, C, and F the Tmax measurements
vary over a narrow range between 440°C and 441 °C, while samples from well E have the
highest mean Tmax of 448°C. These values suggest that the OM in the samples is between early
oil window and peak oil window, except for well D which Tmax < 435°C suggest that the
samples are immature to early oil window (Fig. 8.2A).
Figure 8. 1 shows the spatial distribution of the Tmax values estimated in this study, and Tmax
data collected from the literature. As mentioned in Chapter 5, Tmax values in this map resulted
from the combined average data from both alloformations, SWS and UBF. Tmax increases
towards the deformation front. Local lateral maturity variations are evident from wells D and E
since they are only about 23 km apart and yet the mean Tmax difference between them is about
15 °C.
The mean PI per well increases with thermal maturity, ranging from 0.13 to 0.23, as an
expression of increasing kerogen conversion from immature/early oil window to peak oil
window (Table 8. 1, Fig. 8. 2B).

8.2.1.2 Kerogen type
The samples plot on a Type II/III degradational path on the HI versus Tmax diagram (Fig. 8.
2A). The pseudo van Krevelen plot (Fig. 8.2C) is less definitive than the HI vs. Tmax plot but
suggests a marine Type II kerogen path for most samples, with moderate HI (varies from 164 to
305 mg HC/g TOC) and very low OI (ranging from 4.5 to 13.79 mg CO2/g TOC) (Table 8.1).

8.2.1.3 TOC, S2, HI, MinC
The generation potential of the source rock is determined by the organic matter richness,
expressed by the TOC concentration, and the OM quality expressed by its hydrogen content (S2
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or HI). The mean TOC per well from both alloformations ranges between 2.31 to 3.24 wt.%
(Table 8.1), suggesting that OM richness is good to very good (Fig. 8.2D).
Figure 8.3 and Figure 8.4 show the distribution of TOC in the study area from the SWS and UBF
alloformations respectively. Analyzing the TOC distribution of each alloformation, the mean
TOC per well of the SWS ranges between 1.13 to 3.48 wt.%. Lower values of TOC are located
close to the deformation front, whereas higher values are located at the center of the study area
(Figure 8.3), displaying a NW to SE trend parallel to the deformation front. The mean TOC per
well of the UBF varies between 1.08 and 5.41 wt.% and as in the SWS, the lowest TOC is
present near the deformation front (Figure 8.4); fewer data points in this map make it difficult to
observe a more definitive trend as evident in the SWS. Both alloformations have similar average
OM richness, although the UBF shows higher values in the northwest area.
The mean S1 per well ranges from 1.01 to 1.26 mg HC/g rock and the mean S2 varies from 4.37
to 10.12 mg HC/g rock (Table 8.1). According to the TOC and S2, the generation potential of
most samples is fair to good (Fig. 8.2D).
As mentioned in section 8.2.1.2, the mean HI, calculated as the average from both
alloformations, is moderate in all wells. When comparing the HI from the individual
alloformations (Figure 8.5 and Figure 8.6), the lateral distribution of HI for each alloformation
shows similar trends, with lower values toward the deformation front. The mean HI from the
SWS is similar to the mean HI from the UBF, except for the northwest area where HI from the
UBF is higher.
Figure 8.7 shows geochemical logs (TOC, HI, OI and MinC) for 4 wells where the SWS and
UBF are both present. Geochemical logs are useful to identify significant changes in OM facies
and distribution (Peters et al. 2005). Although the OM richness in both alloformations is high,
close scrutiny of these profiles shows that variations in the OM distribution within the
alloformations are more complex, but the low stratigraphical resolution in this study limits this
analysis. A further allostratigraphic subdivision is beyond the scope of this project but would
provide more insights into the relationship between depositional characteristics and geochemical
properties.
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The wells in Figure 8.7 also show that there is an increase in TOC and HI below the boundary
between the SWS and UBF in wells E and A. In well F, however, this trend is different; below
the boundary there is a decrease in HI and TOC and a significant relative increase in OI and
MinC. These variations were only observed in well F and are related to the presence of
hydrocarbons, as it will be shown further in Section 8.3.1.

8.2.1.4 Total sulfur
The organic carbon to sulfur ratio (C/S or TOC/TS), is used to determine depositional
environment characteristics, based on the nature of sedimentary pyrite formation. In contrast to
marine environments, the formation of diagenetic pyrite in organic-rich sediments deposited in
freshwater settings is limited, due to a much lower concentration of dissolved sulfate. As a
consequence, in freshwater environments there is a higher carbon-to-pyrite sulfur ratios
(TOC/TS) in the sediments. Therefore, marine sediments are characterized by low TOC/TS
ratios (0.5–5), whereas freshwater sediments are characterized by high TOC/TS ratios (>10). In
this study, the mean total sulfur (TS) content ranges between 2.48 - 3.12% (Table 8.1, Figure 8.
8), and TOC0/TS ratio varies between 0.79 - 1.14 indicating a marine depositional environment
for these rocks (Fig. 8.8).
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Table 8. 1 Statistical parameters estimated from Pyrolysis Rock-Eval, total sulfur data, and
organic petrography from the SWS and UBF alloformations, foredeep depozone, WCFB.
In cores where both alloformations are present (see Table 5.1, Chapter 5), parameters are
calculated combining data from the two intervals. Only one sample from well E was
analyzed under the microscope, therefore statistics for vitrinite and bituminite reflectance
from this well are not reported. Abbreviations: Standard deviation (STD), minimum value
(Min), maximum value (Max), number of samples (n).
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UWI and well symbol

100/09-09-056-19W5/00

A

100/14-03-053-15W5/00

B

102/07-33-052-15W5/00

C

100/06-31-046-08W5/00

D

100/07-19-045-06W5/00

E

102/08-36-041-07W5/00

F

100/08-15-036-05W5/00

G
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g Rock
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0.30
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15
1.70
0.40
1.37
2.28
4
1.01
0.28
0.64
1.26
4
1.04
0.13
0.86
1.15
4
1.26
0.40
0.62
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55
1.11
0.38
0.51
1.60
8
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0.50
0.96
2.29
5

S2
mg HC/
gRock
7.75
2.81
3.24
13.9
15
7.84
0.92
6.95
8.93
4
4.17
2.13
2.34
7.07
4
8.08
1.15
6.78
9.59
4
4.37
0.71
4.16
5.71
55
5.37
1.85
1.95
7.06
8
10.1
3.84
6.18
14.5
5
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TOC

°C

wt.%

441
2
438
444
15
441
0.5
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4
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0.96
439
44
4
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430
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4
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1.52
444
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438
443
8
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5

3.08
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3.40
4
2.25
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3.21
4
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0.20
2.45
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4
2.58
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8
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5
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4
0.21
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4
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0.12
4
0.23
0.02
0.19
0.28
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0.18
0.03
0.13
0.21
8
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0.02
0.10
0.15
5
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HI

OI
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wt.%

mg HC/
g TOC
245
35
165
29
15
259
11
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4
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151
220
4
296
21
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326
4
164
26
116
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55
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18
200
245
8
305
54
264
369
5

mg CO2
/g TOC
9.73
3.51
5.00
17.00
15
4.50
1.00
4.00
6.00
4
6.00
1.41
4.00
7.00
4
7.50
1.73
6.00
10.00
4
13.79
2.67
9.00
20.00
55
10.00
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5.00
19.00
8
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11.00
5

wt.%

1.40
0.68
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15
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4
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1.26
4
0.97
0.27
0.67
1.33
4
1.56
0.97
0.48
6.43
55
2.06
1.63
0.82
5.77
8
1.77
0.80
0.75
2.78
5

3.25
0.32
2.66
3.93
15
3.12
0.13
2.93
3.19
4
2.85
0.09
2.79
2.98
4
2.61
0.20
2.44
2.89
4
2.48
0.49
1.75
3.44
8
2.87
0.60
1.89
3.52
5

TOC/TS
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3
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5
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%

wt.%
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0.02
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4
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49
2.92
0.95
1.21
3.77
8
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0.70
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4.28
5
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Figure 8. 1 Rock-Eval Tmax map of the Second White Specks and Upper Belle Fourche
alloformations in west-central Alberta. Dashed line represents the deformation front. Red
circles refer to data points from Snowdon (1994, 1995), Fowler and Snowdon (1998), Bloch
et al. (1999), and Furmann et al. (2015). Grey circles refer to data from this study (see
Table 8.1 to relate well symbol with Unique Well Identifier).
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Figure 8. 2 HI versus Tmax diagram shows that HI decreases with increasing Tmax or
maturity, as a consequence of hydrocarbon generation, from well D and G, followed by
wells A, B, C, F up to the well with highest Tmax, E. B) Production Index (PI) versus Tmax
diagram shows a wide range of maturity for the wells in the study area, from
immature/early mature and low kerogen conversion (well D) to peak oil zone/window and
high kerogen conversion (well E). C) Pseudo van-Krevelen diagram HI versus OI indicates
samples contain marine type II kerogen. D) S2 versus TOC shows samples have a good
generation potential (expressed by high S2) and very good organic matter richness
(expressed by high TOC). Data used in this plot is the average from UBF and SWS
alloformations. Plot boundaries are adapted from Hunt (1996) and Peters et al. (2005).
Appendix F shows a large size version of each of these plots. (see Table 8.1 to relate well
symbol with Unique Well Identifier)
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Figure 8. 3 Total Organic Carbon (TOC) distribution of the Second White Specks
alloformation in west-central Alberta. Dashed line represents the deformation front. Red
circles refer to data points from Bloch et al. (1999), Snowdon (2002) and Furmann et al.
(2015). Grey circles refer to data from this study (see Table 8.1 to relate well symbol with
Unique Well Identifier).
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Figure 8. 4 Total Organic Carbon (TOC) distribution of the Upper Belle Fourche
alloformation in west-central Alberta. Dashed line represents the deformation front. Red
circles refer to data points from Bloch et al. (1999), Snowdon (2002) and Furmann et al.
(2015). Grey circles refer to data from this study (see Table 8.1 to relate well symbol with
Unique Well Identifier).
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Figure 8. 5 Hydrogen Index (HI) distribution of the Second White Specks alloformation in
west-central Alberta. Dashed line represents the deformation front. Red circles refer to
data points from Bloch et al. (1999), Snowdon (2002) and Furmann et al. (2015). Grey
circles refer to data from this study (see Table 8.1 to relate well symbol with Unique Well
Identifier).
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Figure 8. 6 Hydrogen index (HI) distribution of the Upper Belle Fourche alloformation in
west-central Alberta. Dashed line represents the deformation front. Red circles refer to
data points from Fowler and Snowdon (1998), Bloch et al. (1999), Snowdon (2004) and
Furmann et al. (2015). Grey circles refer to data from this study (see Table 8.1 to relate
well symbol with Unique Well Identifier).
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Figure 8. 7 Geochemical logs from the SWS and UBF alloformations west-central Alberta.
Below the boundary between the SWS and UBF HI and TOC increases in well A and E. In
contrast in well F, HI and TOC decreases which coincides with an increase in MinC and
OI. Grey circles refer to well symbols. Black line refers to the Red Bentonite. Depth is
presented as true vertical depth (m). (see Table 8.1 to relate well symbol with Unique Well
Identifier)
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Figure 8. 8 TOC0 versus TS showing a marine origin for the kerogen type in the studied
samples. The boundary is drawn after Berner and Raiswell (1984). (see Table 8.1 to relate
well symbol with Unique Well Identifier).
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8.2.2 Rock- Eval from samples located in the immature zone
Rock-Eval results from immature samples from eastern Alberta (see Figure 5.3, Chapter 5) were
required to calculate the original hydrogen index (HI0). The HI0 was used to estimate the
progress of kerogen conversion (TR), and original total organic carbon (TOC0). The results
(Table 8. 2) represent the average data from both alloformations, SWS, and UBF.
The wells selected for the study show a low Tmax that varies from 407°C to 410 °C indicating
that the samples are thermally immature (8.9A) (Peters 1986; Peters and Cassa 1994). The mean
HI varies between about 343 HC/g TOC and 463 HC/g TOC. The low thermal maturity is further
evidenced in the Tmax vs HI diagram (Fig. 8.9A), and results in low kerogen conversion, as
suggested by the low PI changing from 0.02 to 0.04 (Fig. 8.9B). The low level of maturity and
kerogen conversion make the samples suitable for computing, HI0, TR, and TOC0 (Justwan and
Dahl 2005; Jarvie et al. 2007).
The mean oxygen index is low, changing from about 28 mg CO2/g TOC to 36 mg CO2/g TOC
(Table 8. 2). The pseudo-Van Krevelen diagram indicates that the samples have type II kerogen,
like the samples from wells in west-central Alberta (Fig. 8.9C). Mean TOC varies between
5.26% and 6.30% and the mean S2 between about 22 mg HC/g rock and 30 mg HC/g rock
(Table 8. 2), indicating an excellent generation potential (Fig. 8.9D).
The mean MinC changes from 0.7% to 2.94% and the mean S1 varies from 0.79 mg to 0.81 mg
HC/g rock. These variables were not part of the interpretation but are reported because they are
used to calculate other parameters from Rock-Eval data already described, (See Table 5.3,
Chapter 5).
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Table 8. 2 Statistical parameters calculated from Pyrolysis Rock-Eval and total sulfur data
from the SWS and UBF alloformations. Samples are located in an immature area of the
foredeep depozone, WCFB (Creaney and Allan 1990; Bloch et al. 1999). In cores where both
alloformations are present (see Table 3.2), parameters are calculated combining data from
the two intervals. Abbreviations: Standard deviation (STD), minimum value (Min),
maximum value (Max), number of samples (n).
UWI
100/10-35-045-02W4/00
H

100/06-23-043-11W4/00
I

100/06-26-059-20W4/00
J

Statistic

S1
mg HC/
g Rock
Mean
0.79
STD
0.38
Min
0.25
Max
1.48
n
9
Mean
0.62
STD
0.28
Min
0.21
Max
1.23
n
12
Mean
0.81
STD
0.33
Min
0.33
Max
1.23
n
10

S2
Tmax
mg HC/
°C
g Rock
22.41
410
7.82
3.16
11.31
404
33.86
413
9
9
30.15
409
11.39
2.52
8.08
405
44.19
415
12
12
22.00
407
8.54
4.22
11.14
397
39.91
410
10
10

TOC
wt.%
5.26
1.31
3.59
7.55
9
6.30
1.74
3.37
8.34
12
6.22
1.27
4.60
9.13
10

PI
0.04
0.02
0.02
0.06
9
0.02
0.01
0.01
0.03
12
0.04
0.01
0.03
0.05
10

HI
mg HC/
g TOC
420.44
79.34
286.00
530.00
9
462.75
83.28
225.00
537.00
12
343.40
71.48
242.00
437.00
10

OI
mg CO2/
g TOC
36.22
5.78
27.00
44.00
9
27.92
2.78
24.00
33.00
12
30.50
2.46
26.00
34.00
10
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Figure 8. 9 A) HI versus Tmax diagram of samples from the Second White Specks and
Upper Belle Fourche alloformations from wells located in an immature area of the
foredeep depozone of the WCFB. Samples lie on the immature zone of the diagram. B)
Samples have a low kerogen conversion according to the production index (PI) versus
Tmax. C) Pseudo van-Krevelen diagram HI versus OI indicates samples contain marine
type II kerogen. D) S2 versus TOC shows samples have a very good to excellent generation
potential (expressed by high S2) and very good to excellent organic matter richness
(expressed by high TOC). Plot boundaries are adapted from Hunt (1996) and Peters et al.,
(2005). Appendix G shows a large sized version of each of these plots.
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8.2.3 Determination of original Hydrogen Index (HI0), transformation
ratio (TR) and original Total Organic Carbon (TOC0)
8.2.3.1 Original hydrogen index (HI0)
The distribution of HI from immature samples, which represent the hydrogen index before
hydrocarbon generation (HI0), is illustrated in Figure 8.10. The distribution is unimodal, left
skewed, with a predominant distribution of values between 350 mg HC/ g TOC and 550 mg HC/
g TOC. The data range is between 200 mg HC/ g TOC and 550 mg HC/ g TOC, which is similar
to the range suggested for source rocks with kerogen type II by Peters and Cassa (1994) (300 to
600 mg HC/ g TOC). These results are consistent with previous observations about kerogen type
Fig. 8. 8A, C, D). The calculated percentiles are P90 = 264 mg HC/ g TOC, P50 = 427 mg HC/ g
TOC and P10 = 518 mg HC/ g TOC.
The unimodal distribution suggests that there are no significant organic facies changes in the
study area. The P50 value is comparable with the mean HI0 estimated by Furmann et al. (2015)
for the SWS Formation using organic petrography, a different and independent method (437 mg
HC/ g TOC). These observations support the use of P50 or 427 mg HC/ g TOC to calculate the
progress of kerogen conversion or transformation ratio (TR), which is further explained in the
following section.

8.2.3.2 Transformation ratio (TR)
The mean TR per well has a range between 0.31 and 0.62, indicating the level of conversion of
OM in the samples vary from low to high in the area. Figure 8.11 shows how the TR increases
with thermal maturity (Tmax); wells D and G have the lowest level of maturity and TR, wells A,
B, C, and F have similar medium maturity and TR and well E has the highest level of maturity
and TR.
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Figure 8. 10 Distribution of original hydrogen index (HI0) from 31 immature samples from
the SWS and UBF alloformations. The P90, P50 and P10 from the distribution are shown
in the picture.
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Figure 8. 11 Tmax versus Transformation Ratio (TR) from samples from the SWS and
UBF alloformations, west-central Alberta. TR increases with increasing maturity (Tmax).
Data points come from the mean TR from both alloformations.
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8.2.3.3 Original Total Organic Carbon (TOC0)
The mean Original Total Organic Carbon (TOC0) varies from 2.92% to 3.87%, indicating that
the OM richness is very good (according to parameters from Peters and Cassa (1994)). Figure
8.12 shows the variation of organic matter concentration with thermal maturity (Tmax),
comparing TOC0 versus TOC at present-day. Samples in this study range from immature/early
mature (low Tmax) to peak oil window (high Tmax), therefore in all wells there is a certain
degree of kerogen conversion as reflected by the differences between TOC0 and TOC. These
differences become consistently higher with increasing thermal maturity.
Since TOC0 represents the real measure of OM richness, as it has not been affected by thermal
degradation, it is the appropriate proxy to model hydrocarbon generation (Jarvie 2012a).
Therefore, TOC0 was used during the hydrocarbon generation modeling, the results of which are
shown in Chapter 10.

Figure 8. 12 Variation of organic matter concentration with thermal maturity in the SWS
and UBF alloformations in west-central Alberta (See Fig. 5.1, Chapter 5, for well location).
TOC0 refers to the Original Total Organic Carbon before the source rock was subject to
thermal maturation (expressed by Tmax), resulting in the present-day Total Organic
Carbon (TOC). Wells are displayed from left to right according to decreasing thermal
maturity.
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8.3 Organic petrography characterization
The OM in the UBF and SWS mudstones is dispersed in a shale matrix consisting of clays with a
high concentration of framboidal pyrite, and variable amounts of calcite and dolomite present as
foraminifera tests, detrital grains, and infilling cement. Samples from well F, in contrast to other
wells, had a higher concentration of carbonates, and larger grain size in the detrital component.
The dispersed organic matter (DOM) was identified based on the ICCP/TSOP classification
system (Table 5.5, Chapter 5). Dominant maceral groups observed in the samples are liptinite,
vitrinite, inertinite, and solid bitumen. Only the most representative maceral particles are shown
in Figure 8.13.

8.3.1 Liptinite
The liptinite group macerals dominate the OM constituents; alginite and bituminite are the most
abundant, followed by liptodetrinite, and occasional exsudatinite. Alginite is derived from lipidrich algae that are particularly resistant to degradation (Taylor et al., 1998). The dominant
alginite macerals in the samples are unicellular Tasmanites showing a pale brown color under
white reflected light. Under ultraviolet light (UV), these macerals exhibited a yellow to orange
color in most of the wells, indicating samples are in the oil window. In well D, however, alginite
exhibited a bright green color, suggesting thermal immaturity (Fig. 8.13A, B).
Bituminite, also known as unstructured OM (Taylor et al. 1998), is a product of bacterial
decomposition of faunal plankton and algae, together with bacterial biomass (Teichmüller 1989;
Taylor et al. 1998; Pickel et al. 2017; Hackley et al. 2018). Bituminite is characterized by a lack
of shape and weak brownish fluorescence (Taylor et al. 1998; Pickel et al. 2017). Under white
reflected light, the color of bituminite varied from light brown to gray (Fig. 8.13C, D). Under
UV light, the color ranged from light brown to dark brown. Framboidal pyrite crystals embedded
within bituminite particles or in the proximity of bituminite were frequently observed (Fig.
8.13C).
Bituminite reflectance is usually lower than vitrinite reflectance except during high coalification
gradients between 2 and 4%Ro when it becomes identical (Koch 1997; Pickel et al. 2017).
Measured bituminite reflectance in this study have unimodal and bimodal distributions among
samples. Mean% BRo of samples with unimodal distributions varied from 0.48 to 0.58 (Table 8.
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1, Appendix E). Mean% BRo of samples with bimodal distribution range from about 0.48 to 0.8.
The normalmixEM algorithm from the mixtool package of the R software platform was used to
obtain the statistical parameters of the two populations in the bimodal distribution (Fig. 8.14).
This algorithm estimates the descriptive statistics of the component subgroups of parametric and
non-parametric bimodal distributions (Benaglia et al. 2009). Descriptive statistics from the
unimodal distributions and the lower reflectance population of the bimodal distributions were
used to estimate mean reflectance per well (Table 8. 1). Mean bituminite reflectance increased
from well D and G with 0.48% and 0.52% respectively, up to 0.58% in well C (Table 8. 1).
Altered bituminite macerals with anomalously high BRo (> 0.9%) were also observed in a few
samples. These bituminite exhibited a distinctive light gray color and granular texture under
reflected white light in comparison to the non-altered bituminite (Fi. 8.13D), which had a very
dark brown to black color under ultraviolet light.
Numerous liptodetrinite particles were present, exhibiting yellow to orange fluorescence.
Liptodetrinite consists of fragments or degradation residues of other liptinite macerals (Taylor et
al. 1998).
Exsudatinite, considered an indicator of in situ oil generation, is a secondary maceral that forms
at early stages of oil generation. They usually fill fractures, pores in other organic particles, shell
fragments and pyrite framboids (Teichmüller 1973; Taylor et al. 1998). Exsudatinite were only
observed on some samples from well F, in association with carbonate-rich layers. They show
green to yellow fluorescence color under the UV light and filled open spaces and cavities in
carbonate minerals (Fig. 8.13E), foraminifer tests (Fig. 8.13F), pyrite crystals (Fig. 8.13G) and
inertinite particles (Fig. 8.13H). The higher accumulation of exsudatinite was found in a layer
beneath the boundary between the SWS and UBF alloformations. This layer was particularly
richer in coarse-grain minerals than the intervals above and below and was only observed in well
F (Fig. 8.8).

8.3.2 Vitrinite and inertinite
Vitrinite and inertinite are the remnants of cellulose and lignin from the cell walls of postSilurian vascular plants (ICCP 1998, 2001; Taylor et al. 1998; Ferreiro Mählmann and Le Bayon
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2016). Both macerals have an angular shape and preserved plant cell structure. Vitrinite occurs
as primary and reworked vitrinite (Fig. 8.13I). Primary vitrinite is a minor component in the
samples, whereas reworked vitrinite is abundant. Mean vitrinite reflectance (VRo) in the studied
area varied from 0.71% to 0.78%, suggesting a maturity level corresponding to the oil window,
except for two wells, D and G. Well D has a low mean reflectance of 0.61 VRo% (Table 8. 1). In
well G the majority of vitrinite particles were reworked, giving an anomalous very high
reflectance of 1.01 VRo%. This high reflectance is inconsistent with the low maturity suggested
by Rock-Eval Tmax (436 °C) and the low bituminite reflectance (< 0.57%). Therefore, VRo
measurements from this well will be dismissed, and the thermal maturity of the OM will be
estimated based on Tmax data.
Inertinite is abundant in the samples but much less abundant than liptinite macerals. It has a light
gray to white color and very high reflectance (VRo > 1.2%). Inertinite macerals observed in the
samples include fusinite, semifusinite (Fig. 8.13J) and inertodetrinite.

8.3.3 Solid bitumen
Solid bitumen occurs as bituminized algae, which is a type of primary bitumen formed as a
product of thermal cracking of in situ algal kerogen (Taylor et al. 1998; Mastalerz et al. 2018).
Most mature samples have bituminized algae that resemble its algal precursor (Fig. 8.13J). They
have a well-developed polished surface, and they lack fluorescence.
Another indicator of thermal cracking is the presence of oil inclusions. They occur in samples
from wells A and F, trapped inside carbonate minerals (Fig. 8.13K). Oil also is accumulated in
pyrite minerals (Fig. 8.13L). In both cases, a strong fluorescence under ultraviolet light was
observed.
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Figure 8. 13 Photomicrographs of diverse
macerals observed in samples from the
Second White Specks and Upper Belle
Fourche alloformations. All
photomicrographs are taken using a 50X
objective. A) and B) alginite under UV
light, showing differences in maturity
according to their color intensity. Alginite
from photomicrograph A), with a yellow
color indicates the organic matter is in the
oil window whereas green alginite from
photomicrograph B) indicates a low level
of maturity. C) bituminite and pyrite
under white reflected light. D) bituminite
and highly altered bituminite under white
reflected light. E), F), G) and H)
exsudatinite trapped in carbonate
minerals, foraminifer tests, pyrite, and
inertinite respectively, under UV light. I)
vitrinite and reworked vitrinite under
white reflected light. J) Bituminized
alginite, semifusinite, and fusinite, under
white reflected light. K) oil fluid inclusions
trapped in carbonate minerals and L) oil
accumulated in pyrite minerals. Bit
bituminite, Al alginite, Py pyrite, Vit
vitrinite, Rw. Vit. reworked vitrinite, Fn
fusinite, Ex exsudatinite, sFn semifusinite.
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Figure 8. 14 Example of the bimodal population of bituminite reflectance from 20
measurements in a single sample. In this case, a sample from well A (sample depth 2264.5
m). The bimodal population is analyzed using the normalmixEM algorithm from the
mixtool package of the R software platform. This algorithm enables the statistical
description of the different subpopulations of a bimodal distribution. Dashed black line
represents the density function of the bimodal distribution. Green and red lines represent
the individual Gaussian density components of each subpopulation of the distribution.
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8.4 Summary
•

Thermal maturity, expressed by Tmax and vitrinite reflectance, ranges from
immature/early mature to peak oil window. Between wells, thermal maturity increases
from wells D and G, to well A, B, C, and F. Tmax data indicate the higher maturity is
reached in well E.

•

Rock-Eval and vitrinite reflectance evidence suggest that samples from well D are
immature to early oil window. Immaturity in this well is interesting because it is located
only 25 km from well E, which is at the peak of the oil window.

•

SWS TOC at the present day show lower values near the deformation front, consistent
with Tmax which increases towards the deformation front.

•

Original organic matter richness was very good. The present-day generation potential,
expressed by high organic matter richness and quality, is good.

•

Macerals groups observed in the samples are liptinite, vitrinite, inertinite, and solid
bitumen. Liptinite is the dominant group and reworked vitrinite is abundant.

•

Bituminite reflectance increases similarly to vitrinite reflectance. There is an abnormally
high reflectance bituminite population indicative of maceral alteration.

•

Below the boundary between the SWS and UBF alloformation in well F there is a coarsegrain thin layer that shows a decrease in HI and TOC and an increase in MinC and OI.
Abundant exsudatinite, an indicator of in situ oil generation, was observed trapped in
carbonate and pyrite minerals in this layer.
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Chapter 9

9

Compaction-based exhumation estimation in the foredeep
section of the Western Canada Foreland Basin
9.1 Overview

This chapter shows the results of the compaction analysis method using sonic logs to estimate
the magnitude of exhumation in the foredeep section of the WCFB.
Results are presented in terms of net exhumation (EN), which consist of the difference between
the present-day depth of a reference unit, and its maximum burial depth prior to exhumation
(Corcoran and Doré 2005) (Equation [6.2], Fig. 6.1, Chapter 6). Such maximum burial depth is
given by the reference normal compaction trend curve of Equation 6. 4, Chapter 6. The Wapiabi
Formation served as a reference shale unit and was divided into 15± 5 m thick intervals for
analytical purposes. Average velocity and mid-point depth per interval were calculated, thus
providing a series of individual exhumation values from which the average per well is reported
(Table 9.1).
In this work, the maximum principal stress is considered to be vertical at the time of maximum
burial, and porosity loss is largely irreversible (Giles et al. 1998; Corcoran and Doré 2005).

9.2 Post-Eocene exhumation estimation
9.2.1 Post-Eocene exhumation magnitude
The average post-Eocene exhumation magnitude in the foredeep section of the WCFB varies
between 1879 m to 2416 m (Table 9.1, Fig. 9.1 and 9.2). The general trend of the exhumation
magnitude, as shown on Fig 9.1, shows an increase from northeast to southwest direction,
towards the deformation front, consistent with the northeasterly structural orientation of the basin
(Porter et al. 1982).
The exhumation map (Fig. 9.1), however, reveals there is a large lateral variability in the
exhumation magnitude across the area. This high variability is also evident in Figure 9.2. Most of
higher exhumation magnitudes are located in the west, but high and low values are present on
both west and east areas.
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To understand the reason for the exhumation variability it would be ideal to have a highresolution map of basement structure, but this information is limited in the area. However,
aeromagnetic data is available and was used to determine if tectonic structures influence the
pattern of exhumation.
The basement underlying the sedimentary sequence in the WCSB is very heterogeneous. It is
composed of accreted and amalgamated Precambrian Terranes separated by zones of rheological
contrast (Ross et al. 1991; Villeneuve et al. 1993; Ross and Eaton 1999) (see Chapter 2).
Boundaries between terranes may act to localize deformation in response to applied stress
(Catuneanu 2004b).
Aeromagnetic data was used to evaluate the influence of deep-seated structures from the
basement in the exhumation pattern. Figure 9.3 shows the exhumation magnitude isopleths
overlying aeromagnetic data in Central Alberta. There is an apparent influence of the basement
structures in the exhumation pattern close to the deformation front, where the isopleths deflect
around the Rimbey Domain to the south of the map, and around the Wabamun Domain to the
north of the map. Figure 9.3 also shows that high exhumation magnitude is collocated on the
southern extension of the Snowbird Tectonic Zone, although this observation is limited by low
well data density in the area.

9.2.2 Uncertainty estimation
The exhumation estimation has several sources of errors. These uncertainties are related to
measurement errors (e.g., quality of the well logs) and systematic errors (e.g., assumptions about
the NCT, lithological variations). The origin of these uncertainties will be further discussed in
Chapter 11. Their quantification is expressed by the standard deviation (SD) (Table 9.1, Fig.9.2),
which was calculated using Equation [9.1]. In this equation xi is the value from the population, or
exhumation magnitude estimate, μ is the mean exhumation magnitude estimate per well, N is the
sample number.
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∑ 𝑥𝑥𝑖𝑖 − 𝜇𝜇
𝑆𝑆𝑆𝑆 = �
𝑁𝑁 − 1

[9. 1]

9.2.3 Comparison with other exhumation estimates
9.2.3.1 Comparison with thermal-based exhumation estimates
As discussed in Chapter 1 and 3, there have been several approaches to study the magnitude of
post- Eocene exhumation in the WCSB. A substantial portion of the study area is collocated with
areas where there are exhumation estimates using thermal-based methods (Fig. 1. 3, Chapter 1).
Bustin (1991) reconstructed the thickness of eroded section by extrapolating measured maturity
gradients from vitrinite reflectance (%VR) through the eroded section, to empirical surface
maturity values. Nurkowski (1984) used an empirical relationship between coal moisture loss
and depth to calculate the maximum burial depth of coal samples and then estimated the
magnitude of exhumation by subtracting the present-day depth of the samples from the
calculated maximum burial depth.
Since thermal-based methods are independent from compaction-based methods, the comparison
between those estimates, and results from this study, is important. Results from Bustin (1991)
show that the exhumation magnitude in the study area varies between 2500 and 3800 m, when
the inferred surface maturity value is 0.25% VRo. These results are considerably higher than
those estimated in this study.
Figure 9.4 shows a region of the study area where exhumation estimates from this study (Fig. 9.4
A) are juxtaposed with exhumation estimates from Nurkowski (1984) (Fig. 9.4 B). Both maps
show a tendency of increasing exhumation towards the deformation front. The exhumation
magnitude, however, is different. Results from this study vary between 2000 m and 2300 m for
the area shown in Figure 9.3, whereas results from Nurkowski (1984) vary in a narrower range
between 1400 m and 1600 m.
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The data density in Figure 9.4A (23 wells or data points) is significantly higher than in Figure
9.4B (9 wells or data points). This is because sonic logs are widespread in the basin, in contrast
to determinations of coal moisture which are significantly more limited. The higher data density
in Figure 9.3A reveals a more complex exhumation pattern than the smoother contours on Figure
9.4B. Despite the differences, the 1500 m contour from Nurkowski (1984)’s map shows a similar
pattern to the 2180 m contour of exhumation map from this study.

9.2.3.2 Comparison with compaction-based exhumation estimates
Among the different approaches to estimate exhumation in the basin, there have been
compaction-based exhumation estimates. This previous study (Magara, 1976) was summarized
in Chapters 3 and 6. Magara (1976) involved the extrapolation of a function describing transit
time with depth, to a value representing transit time of unconsolidated sediments (Fig. 3. 17).
The exhumation magnitude was estimated as the vertical distance in the Y axes, between the
intersect at the transit time of unconsolidated sediments and the intersect at the surface. Results
from Magara (1976) in the study area range between 500 and 1400 m (Fig. 1. 3, Chapter 1),
which is considerably lower than results from this study (approx. 2300 m).
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Figure 9. 1 Distribution of post-Eocene net exhumation magnitude from 40 wells (black
circles) in the foredeep section of the Western Canada Foreland Basin. The net
exhumation was calculated from the difference between each data point (sonic velocity
versus depth from the Cretaceous marine Wapiabi Formation) and a NCT for marine
shales (Japsen, 2000). Results show that post-Eocene exhumation increases from NE to SW.
Structural elements in the map: black dashed line is the deformation front. Red line is the
Snowbird Tectonic zone. White numbers refer to well or data point reference number on
Table 9.1 and Figure 9.2. A-G refers to wells used in basin modeling.
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Table 9. 1 Post-Eocene net exhumation estimates from the foredeep section of the Western
Canada Foreland Basin. UWI represents the unique well identifier of each well. Ni
represents the number of shale intervals units per well.
Reference number in Fig.
9.1 and 9.2
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

UWI
100/08-15-036-05W5/00
100/14-04-036-01W5/00
100/01-20-038-03W5/00
102/14-29-039-05W5/00
100/06-28-040-01W5/00
102/08-36-041-07W5/00
100/16-28-041-04W5/00
100/07-01-041-03W5/00
100/10-01-042-06W5/00
100/11-05-042-04W5/00
100/16-04-044-04W5/00
100/07-19-045-06W5/00
100/06-31-046-08W5/00
102/16-24-047-10W5/00
100/06-26-048-11W5/00
100/06-21-051-16W5/00
100/07-33-052-15W5/00
100/10-22-053-17W5/00
100/14-03-053-15W5/00
100/09-09-056-19W5/00
100/10-11-057-18W5/00
100/08-26-045-01W5/00
100/06-12-045-28W4/00
100/10-13-047-05W5/00
100/12-27-047-01W5/00
100/11-27-049-08W5/00
100/11-10-048-07W5/00
102/14-28-048-04W5/00
102/10-14-048-03W5/00
102/16-29-049-06W5/00
100/07-17-049-02W5/00
100/10-23-050-07W5/00
100/16-15-050-04W5/00
100/03-29-052-11W5/00
100/11-15-055-14W5/00
100/03-13-056-15W5/00
100/01-08-052-08W5/00
100/08-31-055-12W5/00
100/06-21-054-07W5/00
100/08-31-056-10W5/00

Mean Exhumation
magnitude EN, m
2294
2240
2001
2191
2107
2188
2225
2010
2142
2281
2174
2399
2286
2068
2416
1975
2393
2291
2396
2082
1927
2083
2019
2232
1879
1970
2184
2154
2042
2238
2137
2038
2129
2184
2071
2022
2151
208
2204
2245

Standard
deviation (SD)
218
185
150
241
142
208
146
116
183
158
153
189
185
208
195
169
274
302
216
186
219
184
146
166
236
180
110
73
173
65
155
167
99
206
190
162
107
87
57
160

Ni
10
9
16
12
17
13
13
8
15
18
19
16
17
18
17
14
12
16
17
14
10
15
14
15
14
15
13
9
13
8
15
17
10
18
17
16
10
12
11
10
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Figure 9. 2 Net exhumation magnitude for each well in the study area. Foredeep section of the Western Canada Foreland
Basin. Figure shows the mean net exhumation per well accompanied by the respective standard deviation (SD). Numbers
refer to wells on Table 9.1.
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Figure 9. 3 Exhumation magnitude contours over aeromagnetic map of Central Alberta.
White lines represent approximated domains boundaries. This map is a portion (red
square) of the exhumation magnitude map of the study area. Aeromagnetic map from
Pilkington et al. (2000)
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From previous page
Figure 9. 4 Comparison between exhumation estimates from this study using a compactionbased method (23 wells or data points) (A), and independent exhumation estimates using
coal moisture loss versus depth empirical relationship from Nurkowski (1984) (9 wells or
data points) (B). The green square is the region represented in these maps, which is part of
the study area (red dashed line). In this region, results from this study are juxtaposed with
results from Nurkowski (1984). Exhumation estimates are presented in meters (m)
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9.3 Summary
•

The general trend of the exhumation magnitude shows an increase towards the
deformation front, from northeast to southwest.

•

The pattern of exhumation estimated in this study shows higher complexity when
compared to other exhumation estimates from previous work.

•

Close to the deformation front, there is an apparent deflection of exhumation isopleths
along the boundaries of Rimbey and Wabamun Precambrian terranes.

•

Exhumation magnitude estimated from this study is higher than estimates from previous
work using compaction-based methods like (Poelchau 2001) and thermal-based methods
like Nurkowski (1984).
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Chapter 10

10 Burial and thermal models of the Second White Specks and
Upper Belle Fourche alloformations, in the foredeep section
of the Western Canada Foreland Basin.

10.1 Overview
Chapter 10 presents the results of the 1-D and 2-D basin models to simulate the burial and
thermal history and hydrocarbon generation of the Second White Specks and Upper Belle
Fourche alloformations. Geochemical and exhumation magnitude data input into the models
were presented in Chapters 8 and 9, respectively.
The 1-D models show the burial and thermal history of the SWS and UBF on each well.
Outcomes from the 1-D simulation determine if or when hydrocarbon generation began, and the
progress of kerogen conversion (transformation ratio). The 2-D models portray the lateral and
vertical variability of maturity and transformation ratio.

10.2 General input, heat flow, and calibration
Figure 10.1 shows an example of the general input for the 1-D models, which consisted of the
age, generalized lithology, thickness, erosion events, petroleum system element (PSE), kerogen
degradation kinetic model, TOC0 and HI 0. The example corresponds to well G, but the
information is similar for the rest of the wells.
The kerogen thermal degradation kinetic model selected was Vanderbroucke et al. (1999)
because the resulting modeled TR was consistent with the TR estimated independently based on
the use of HI0 and HI and Equation [5.3] (Chapter 5). The correlation between the modeled TR
and the estimated independently TR was high, 0.775% (Fig. 10.2).
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Figure 10. 1 General data input into the 1-D models including the age of layers, thickness, erosional events and corresponding
exhumation magnitude, lithology, petroleum system element (PSE), TOC, HI and model of kinetics parameters. Example from
well G.
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Figure 10. 2 Correlation between the modeled TR estimated by the software and the TR
estimated using HI and HI0 and Equation 5.2 (Chapter 5). Data is the mean TR from the
SWS and UBF alloformations per well.
The boundary conditions for the temperature modeling are shown in Fig. 10.3, which is an
example from well G. The upper boundary conditions are the paleowater depth, and the surface
water interface (SWI) temperature, which was set according to the Wygrala (1989) model. The
lower boundary condition is the heat flow.
In the modeling, the required temperature to drive maturity and hydrocarbon generation was
achieved by varying heat flow and exhumation magnitude (or erosion). Several iterations were
run until a good fit with the present-day (borehole temperature profiles) and paleotemperature
(vitrinite reflectance) calibration data was reached. This way, multiple models are evaluated and
the one with the best match between modeled and measured temperatures is selected (Al-Hajeri
et al. 2009; Hantschel and Kauerauf 2009).
The heat flow was set as constant through time because the heat flow at maximum burial depth,
which was the critical time for hydrocarbon generation (Beaumont et al. 1985; England and
Bustin 1986), was similar to present day (Majorowicz et al. 1985) (Table 10.1). A similar
assumption has been adopted in previous basin models (e.g. Higley et al., 2005, 2009; Berbesi et
al., 2012). The heat flow required to achieve a calibration between modeled and measured
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temperatures is consistent with the mapped distribution of heat flow in the WCSB by
Majorowicz (2016) (Fig. 10.4), except for well D. In this well, the calibration was achieved using
a significantly lower heat flow, in comparison with the value from the map of heat flow
distribution (40 mW/m2 versus 50 – 70 mW/m2).
Post-Eocene erosion in each well was assigned according to exhumation estimates results (Table
10.1). The magnitude was adjusted within the standard deviation limits to best fit calibration data
(Table 9.1, Chapter 9). The Jurassic (pre-Mannville) unconformity exhumation magnitude was
set as 200 m, following Roberts et al. (2005) and Berbesi et al. (2012). However, because this
exhumation event occurred prior to the source rock deposition, it does not influence the
maturation process. The critical event that influences the SWS petroleum system is the postEocene exhumation.
The present-day temperature calibration data (from DST temperature profiles) and the modeled
present-day temperature in each well are shown in Figure 10.5. A good fit was achieved in all the
wells, except for well D, where a calibration was achieved only in the upper part of the
temperature profile. In contrast to temperature profiles from the other wells, in well D the
temperature gradient is lower in the Upper Cretaceous section (including Belly River Formation,
and SWS and UBF alloformations) than in Lower Cretaceous and older formations (Viking,
Mannville and Rundle).
The vitrinite reflectance calibration data, and the modeled vitrinite reflectance (Sweeny and
Burnham 1990) that is used to estimate paleotemperature, is shown in Figure 10.6. Vitrinite
reflectance measurements were determined in this work (Chapter 5), except for well E and G.
Measurements from well E were not taken in this study. Measurements from well G were too
high and inconsistent with Rock-Eval Tmax, which suggest an advanced oxidation of the
vitrinite particles, leading to unrealistic high reflectance values. Therefore, in both cases, well E
and G, Tmax was converted to vitrinite reflectance according to the relationship proposed by
Jarvie et al. (2001). A good calibration was achieved in all the wells.
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Table 10. 1 Calibrated heat flow and exhumation magnitude in each well
UWI

heat flow (mW/m2)

100/09-09-056-19W5/00 A

52

Exhumation/erosion magnitude
(m)
1900

100/14-03-053-15W5/00 B

58

2200

100/07-33-052-15W5/00 C

58

2200

100/06-31-046-08W5/00 D

40

2200

100/07-19-045-06W5/00 E

65

2200

102/08-36-041-07W5/00 F

55

2100

100/08-15-036-05W5/00 G

48

2100
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Figure 10. 3 Upper and lower boundary conditions for the temperature prediction of the basin modeling, and their variations
with time. Upper boundary conditions are paleo water depth and surface water interface (SWI) temperature. Lower
boundary condition is the heat flow.
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Figure 10. 4 Heat flow map of the Western Canada Sedimentary Basin and wells used for
the 1-D and 2-D models (A, B, C, D, E, F, G). These wells are represented by grey circles.
The heat flow calibrated with present-day temperatures and paleotemperatures for each
well is shown at the bottom. These heat flow magnitudes show consistency with the heat
flow pattern on the map, except for well D. Modified from Majorowicz (2016).
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Figure 10. 5 Present-day temperature calibration in each well. A good fit was achieved in all wells after varying heat flow and exhumation magnitude input in the model. In well D, the calibration was achieved
only on the upper part of the temperature profile, which includes the SWS alloformation. Wells are shown from NW to SE according to the cross section highlighted with a red line in the reference map.
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Figure 10. 6 Calibration of paleotemperature from vitrinite reflectance. A good fit was achieved in all wells after varying heat flow and exhumation magnitude input in the model. Wells are shown from NW to
SE according to the cross section highlighted with a red line in the reference map.
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10.3 1-D Basin models
The 1-D basin models illustrate the burial history of the SWS and UBF alloformations and the
thermal evolution with time. Figures 10.7 through 10.13 show the results of the 1-D burial and
thermal models in each well. The A panels of these figures show the burial models with the
evolution of temperature with time. The B panels show the evolution of maturity, from the
Sweeny and Burnham (1990) VR model, and the C panels show the TR along with the VR
evolution with time.
All the wells share a similar burial history. The maximum burial depth was reached just before
the onset of the post-Eocene exhumation event, at approximately 58 Ma. The maturity history is
also similar for most wells except wells D and G. At about 58 Ma (Late Paleocene/Early Eocene)
vitrinite reflectance increased to values higher than 0.6% VR, which indicates the onset of
hydrocarbons generation (Peters and Cassa 1994), as suggested by increasing TR in most
wells.
Similarly, in well G at 58 Ma there is also an increase in VR. However, VR higher than 0.6 %
was reached later than in the other wells, during Late Eocene, resulting in a lower TR. In well D
the maturity necessary for the SWS and UBF to generate hydrocarbons was not reached.
Comparing TR, the highest magnitude corresponds to well E, where maturity levels are the
highest, according to results from Chapter 8. Wells A, B, C and F have similar TR, and well G
has the lowest TR. These results are consistent to those obtained independently calculating the
TR using HI0 and HI, according to Bordenave (1993) and Jarvie (2012), (Figure 8.11, Chapter 8).
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Figure 10. 7 1-D Burial and thermal models from well A. A) Burial model showing the evolution of temperature with time.
Maximum burial depth was reached during Paleocene time. B) Burial model showing vitrinite reflectance evolution with time
on the SWS and UBF alloformations. Both alloformations reached maturity required for hydrocarbons generation (>0.6%
VR) after maximum burial depth during Late Paleocene. C) Shows the evolution of VR (dashed lines) with time but includes
TR evolution (solid lines). After maximum burial depth (marked by the blue dashed line), the increase in VR is consisted with
increasing TR. Patterns in panels A and B refer to lithology.
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From previous figure
Figure 10. 8 1-D burial and thermal models from well B. Burial model showing the evolution of temperature with time.
Maximum burial depth was reached during Paleocene time. B) Burial model showing vitrinite reflectance evolution with time
on the SWS alloformation. The SWS reached maturity required for hydrocarbons generation (>0.6% VR) after maximum
burial depth during Late Paleocene. C) Shows the evolution of VR with time but includes TR evolution. After maximum burial
depth (marked by the blue dashed line), the increase in VR is consistent with increasing TR. Data for the UBF is not available.
Patterns in panels A and B refer to lithology.
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Figure 10. 9 1-D Burial and thermal models from well C. Burial model showing the evolution of temperature with time.
Maximum burial depth was reached during Paleocene time. B) Burial model showing vitrinite reflectance evolution with time
on the SWS alloformation. The SWS reached maturity required for hydrocarbons generation (>0.6% VR) after maximum
burial depth during Late Paleocene. C) Shows the evolution of VR with time but includes TR evolution. After maximum burial
depth (marked by the blue dashed line), the increase in VR is consistent with increasing TR. Data for the UBF is not available.
Patterns in panels A and B refer to lithology.
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Figure 10. 10 1-D Burial and thermal models from well D. Burial model showing the evolution of temperature with time.
Maximum burial depth was reached during Paleocene time. B) Burial model showing vitrinite reflectance evolution with time
on the SWS alloformation. The SWS did not reach maturity required for hydrocarbons generation (>0.6% VR) after
maximum burial depth in this well. C) Shows the evolution of VR with time but includes TR evolution. After maximum burial
depth (marked by the blue dashed line), there was an increase in maturity but not enough to lead to a significant TR. Data for
the UBF is not available. Patterns in panels A and B refer to lithology.
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Figure 10. 11 1-D Burial and thermal model from well E. Burial model showing the evolution of temperature with time.
Maximum burial depth was reached during Paleocene time. B) Burial model showing vitrinite reflectance evolution with time
on the SWS and UBF alloformations. The SWS and UBF reached maturity required for hydrocarbons generation (>0.6% VR)
after maximum burial depth during Late Paleocene. C) also shows the evolution of VR with time but includes TR evolution.
After maximum burial depth (marked by the blue dashed line), the increase in VR is consistent with increasing TR. Patterns
in panels A and B refer to lithology.
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Figure 10. 12 1-D Burial and thermal models from well F. Burial model showing the evolution of temperature with time.
Maximum burial depth was reached during Paleocene time. B) Burial model showing vitrinite reflectance evolution with time
on the SWS and UBF alloformations. The SWS and UBF reached maturity required for hydrocarbons generation (>0.6% VR)
after maximum burial depth during Late Paleocene. C) Shows the evolution of VR with time but includes TR evolution. After
maximum burial depth (marked by the blue dashed line), the increase in VR is consistent with increasing TR. Patterns in
panels A and B refer to lithology.
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Figure 10. 13 1-D Burial and thermal models from well G. Burial model showing the evolution of temperature with time.
Maximum burial depth was reached during Paleocene time. B) Burial model showing vitrinite reflectance evolution with time
on the SWS and UBF alloformations. The SWS and UBF reached maturity required for hydrocarbons generation (>0.6% VR)
by Late Eocene. C) Shows the evolution of VR with time but includes TR evolution. After maximum burial depth (marked by
the blue dashed line), VR slowly increased consistent with a low increase in TR, reaching a maturity corresponding to the oil
window later than other wells from this study. Patterns in panels A and B refer to lithology.
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10.4 Uncertainty assessment
In basin modelling, uncertainty is present in most input data and is propagated in the outcome
model (Hicks et al. 2012). A sensitivity analysis was done to determine how the uncertainty in
the output model can be attributed to uncertainty in the data input.
Tornado diagrams are standard tools to evaluate the relationship between input and output
variables. These diagrams show the effect on the output model when isolated input variables
change while keeping other variables at fixed values. This way multiple scenarios with different
conditions are analyzed. The low and high values of the input variables in each scenario are
selected by the analysts, according to their knowledge, experience and expectations (Hantschel
and Kauerauf 2009). As common practice, in the resulting plot the top bars represent the
variables that contribute the most to the variability of the modeling outcome (Hicks et al. 2012).
Since the objective of the basin models is to simulate hydrocarbon generation, the sensitivity
analysis was done on the progress of kerogen conversion (TR). The input variables selected for
the sensitivity analysis were heat flow, post-Eocene exhumation magnitude, kinetic model, HI0
and TOC0. The heat flow was varied according to the heat flow distribution maps from Bachu
and Burwash (1994), Blackwell and Richards (2004), and Weides and Majorowicz, (2014). The
exhumation magnitude (Table 9.1, Chapter 9), and TOC0 (Table 8.1, Chapter 8) were varied
according to the limits of minimum and maximum values in each well. HI0 was varied according
to the P90 and P10 values of the HI0 distribution (Fig. 8.10, Chapter 8). The alternative kinetic
models for kerogen type II evaluated were Pepper and Corvi (1995) and Behar et al. (1997).
Results from the sensitivity analysis are shown in the Tornado plots of each well on Figures
10.14 through 10.20, and the input and output values are presented in Appendix J. In all the wells
the results show that the dominant variable, which uncertainty has a significant impact on the
modeled TR, is heat flow, followed by exhumation magnitude and to a lesser extent, the kinetic
parameter. In contrast, TOC0 and HI0 showed no effect on the magnitude of TR.
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Figure 10. 14 Tornado plots of TR from the SWS and UBF alloformations on well A.
Variables considered for the sensitivity analysis are heat flow, erosion, kinetic parameters,
HI0 and TOC0.
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Figure 10. 15 Tornado plots of TR from the SWS alloformation on well B. Variables
considered for the sensitivity analysis are heat flow, erosion, kinetic parameters, HI0 and
TOC0.
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Figure 10. 16 Tornado plots of TR from the SWS alloformation on well C. Variables
considered for the sensitivity analysis are heat flow, erosion, kinetic parameters, HI0 and
TOC0.
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Figure 10. 17 Tornado plots of TR from the SWS alloformation on well D. Variables
considered for the sensitivity analysis are heat flow, erosion, kinetic parameters, HI0 and
TOC0.
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Figure 10. 18 Tornado plots of TR from the SWS and UBF alloformations on well E.
Variables considered for the sensitivity analysis are heat flow, erosion, kinetic parameters,
HI0 and TOC0.
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Figure 10. 19 Tornado plots of TR from the SWS and UBF alloformations on well F.
Variables considered for the sensitivity analysis are heat flow, erosion, kinetic parameters,
HI0 and TOC0.
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Figure 10. 20 Tornado plots of TR from the SWS and UBF alloformations on well G.
Variables considered for the sensitivity analysis are heat flow, erosion, kinetic parameters,
HI0 and TOC0.
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10.5 2-D Basin models
The 2-D models portray the lateral variation of maturity and hydrocarbon generation of the SWS
and UBF alloformations. Figure 10.21 shows the variation of maturity, based on VR, and Figure
10.22 shows the variation of hydrocarbon generation, based on TR.
The 2-D maturity model shows the SWS and UBF alloformations are currently in the main oil
window, except for well D where the OM is immature. Although the model predicts low
maturity around this well, the true lateral extent of this thermal state is unknown. It is necessary
to have maturity data from other wells close to well D to better characterize the thermal field in
this area. Despite such limitations, the 2-D model from Fig. 10.21 shows that there are local
maturity variations, where relatively closely spaced wells (e.g., well D and E), differ greatly in
maturity stage.
The 2-D hydrocarbon generation model, based on transformation ratio (Fig. 10.22), shows that
wells A, B, C and F have similar TR between ~ 35 and 45%. Well G, despite having a thermal
maturity corresponding to the main oil window, has a low TR. Well E has the highest TR, ~ 5565%. Well D, consistent with the maturity model, has a very low TR.
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Figure 10. 21 2-D Model showing the maturity variation (%VRo vitrinite reflection) of the UBF and SWS alloformations along
a NW-SE cross section (red line in the reference map) in the foredeep section of the WCFB. Maturity varies from immature
(blue) to the main generation stage of the oil window (green)
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Figure 10. 22 2-D model showing the extend of kerogen conversion (TR) of the SWS and UBF alloformations along a NW-SE
cross section (red line in the reference map) in the foredeep section of the WCFB
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10.6 Summary
•

The present-day temperature calibration was reached in all wells except for well D, where
a fit between measured and calibration data was achieved only in the upper stratigraphic
section. Data points from this upper section included Belly River Formation and the SWS
alloformation. The temperature profile shows that the geothermal gradient of Viking
Formation and older formations is higher than the upper stratigraphic section.

•

The paleotemperature calibration was achieved in all wells.

•

The calibrated heat flow in each well is consistent with published maps (i.e. Weides and
Majorowicz, 2014), except for well D where a very low heat flow was required to get a
fit between calibration and measured data.

•

The burial models show that the maximum burial depth was reached before the postEocene exhumation event, at about 58 Ma (Late Paleocene/Early Eocene). At that time,
an increase in maturity, expressed by an increase in VR, resulted in significant increase of
hydrocarbon generation (TR) in all wells except wells D and G. In well D the maturity
required to generate hydrocarbons was never reached. In well G a significant increase in
maturity and TR was achieved later than the other wells, by Late Eocene.

•

The VR and TR increase from wells D and G, followed by wells A, B, C, F, and the
highest magnitudes are found in well E. All wells are in the main phase of hydrocarbon
generation, except for well D.

•

The 2-D simulations show a significant lateral variation of VR and TR between wells D
and E, which are relatively close (~20 km apart). Furthermore, although well G is in the
main phase of hydrocarbon generation, the TR is significantly lower than the other wells
(i.e., A, B, C, E and F).

•

The modeled TR and the estimated independently TR (using an empirical equation (i.e.
(Bordenave, 1993 and Jarvie, 2012)) show a high correlation (0.773).

•

The sensitivity analysis indicates that the input variables that significantly affect the
modeled TR are heat flow, followed by exhumation magnitude and to a lesser extend the
kinetic parameters. HI0 and TOC0 have no effect.
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•

The present-day and paleotemperature calibration was achieved using the exhumation
magnitude estimated in this study (Chapter 8), without the need to force the heat flow
reported in the literature. This observation suggests good consistency in the exhumation
determination.
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Part IV Discussion and conclusions
Chapter 11

11 Discussion
11.1 Overview
This chapter provides a critical analysis of the results from the research method presented in Part
II. It begins with a review of the characterization of the SWS and UBF alloformations integrating
organic geochemistry, organic petrography, and 1-D and 2-D burial and thermal history models.
The discussion is centered on the thermal maturity, hydrocarbon generation, remaining
generation potential, kerogen type and organic matter richness, diagenetic alteration of some
macerals, and critical issues of existing models. Next, the limitations of the basin models are
analyzed. Finally, the chapter discusses the pattern and magnitude of exhumation, and compares
findings with previous work.

11.2 Characterization of the SWS and UBF alloformations.
Insights from organic geochemistry, organic petrography and
basin modeling.
11.2.1

Thermal maturity

All maturity indicators used in this study suggest that the OM from most wells (A, B, C, E, F,
and G) is in the oil window, with mean VRo higher than 0.65% and mean Tmax higher than 435
°C (Fig. 8.2A, Table 8.1). The presence of bituminized alginite in all these wells (Fig. 8.13J), the
abundance of exsudatinite and oil inclusions trapped in carbonate-rich layers (Fig. 8.13E, K),
foraminifers tests (Fig. 8.13F), pyrite framboids (Fig. 8.13G) and inertinite (Fig. 8.13H), and oil
accumulated in pyrite framboids (Fig. 8.13L) are evidence of the onset of petroleum generation
to the peak of the oil window.
In contrast, low mean Tmax from well D (433°C) and VR (0.6%) indicate an immature to early
mature level. The lower maturity is also confirmed by the color of alginite in samples from this
well (Fig. 8.13B). Liptinite fluorescence color changes with increasing temperature from green
to yellow to orange to red, and is extinguished at an equivalent VRo > 1%Ro (Teichmüller and
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Durand 1983). Alginite from mature samples in the study area showed yellow to orange
fluorescence color, whereas alginite from well D were green, suggesting lower thermal maturity
of the samples from this well in comparison to the other wells.
The Tmax map from Fig. 8.1, represents an updated version of the latest Tmax map published
from the SWS (Bloch et al. 1999). This Tmax map, as mentioned in Chapter 8, is the result of the
collection of several sources of published data (e.g. Snowdon, 1994, 1995; Fowler and Snowdon,
1998; Bloch et al., 1999; Furmann et al., 2015 and this study) and hence provides a higher
resolution to define the lateral thermal maturity variability than the previous map from Bloch et
al. (1999). On a regional scale, the trend of the Tmax map (Fig. 8.1) depicts the increase in
thermal maturity towards the deformation front. This pattern, noted in early works (e.g., Creaney
et al., 1994; Bloch et al., 1999), resulted from the progressive increase in depth of burial in
response to tectonic loading along the deformation front during the basin evolution.
Basin models are a novel contribution from this work since there are no known public 1-D or 2D models of the SWS and UBF. The 1-D models (Fig 10.7 through 10.13) show that maximum
burial depth (MBD) was reached at 58 Ma (Paleocene) during Laramide Orogeny. High burial
depth and consequently, temperature, resulted in a significant increase in maturity in most wells
(except wells D and G). VR reached values of 0.6% and higher around this time, which is
typically inferred as the onset of hydrocarbons generation (Peters and Cassa 1994).
The 2-D maturity model (Fig. 10.21) shows the lateral maturity variation (VR) of the SWS and
UBF alloformation along the profile from well A in the northwest to well G in the southeast.
According to the model, the OM in wells A, B, C, and F have a similar high maturity level,
whereas well E has the highest maturity level. Well G shows a lower maturity level, although it
is in the oil window (VR >0.6%), and well D has the lowest maturity level.
With the exception of well D, the maturity level is consistent with the magnitude of heat flow
(Fig. 10.4). Well E, in which maturity is the highest, is located in area with high heat flow; wells
A, B, C and F are located in areas with moderate heat flow. The lower maturity of the OM in
well G is consistent with a lower heat flow and may explain why it reached maturity later than
the other wells. Whereas wells A, B, C F and E reached the 0.6%VR mark during the Paleocene,
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well G reached this thermal state in the middle Eocene (Fig. 10.13 B and C). These observations
suggest that the thermal maturity is mostly controlled by conductive heat transfer.
In the case of well D, this well is located in an area of moderate to high heat flow, and where the
OM has been previously characterized as being in the peak of the oil window (Creaney and Allan
1990; Furmann et al. 2015), therefore the low maturity is inconsistent. A further discussion about
this anomaly is provided in section 11.2.7.

11.2.2

Hydrocarbons generation

The 1-D models show that the increase in maturation after MBD, suggested by the increase in
VR to values higher than 0.6%VR in most wells, is consistent with increasing TR at the same
time. This confirms the generation of hydrocarbon. In the case of well D, however, the 1-D
model suggests that the required maturity to generate hydrocarbons was never reached (Fig.
10.10).
The 2-D model (Fig. 10.22), which shows the lateral variation of TR among the modelled wells,
indicates that the kerogen conversion increases from well D and G to wells A, B, C, F and E.
These results are consistent with the TR determined independently using an empirical
relationship (Bordenave 1993; Jarvie 2012a).
In well D, however, the TR estimated using empirical methods yielded a mean value of 31%,
which is different from the one estimated during the basin modelling (<10%). A mean 31%TR
for well D is high for samples that have not generated significant hydrocarbons according to their
maturity level.
The reason for the inconsistent high TR in well D may be related to the determination of HI0,
which is a fundamental parameter in the calculation of TR. As explained in section 5.2.2.2, the
HI0 is calculated in this study based on the distribution of HI from immature samples. However,
changes in kerogen type or OM preservation conditions across the basin result in either higher or
lower hydrogen content with respect to the estimated HI0. Consequently, the HI0 may not be
representative of the kerogen type in samples from well D, overestimating the kerogen
conversion. These are preliminary observations that require further investigation. However, this
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example illustrates the possible limitations of the estimation of HI0 and hence estimating TR
using empirical methods.
During the basin modeling process, the TR is calculated based on several parallel reactions that
occur during the decomposition of the kerogen with time (section 2.2.3, Chapter 2). These
reactions are subject to kinetic parameters that condition the reaction rate, which is dependent on
time and temperature. The software uses the burial history of the rocks to estimate the time and
temperature used to model the decomposition of kerogen. Since the TR represents the fraction of
initial reactant that has been converted to hydrocarbons (Hantschel and Kauerauf 2009), it is
independent of the magnitude of that initial mass. Instead, it is dependent on the geological
conditions that determine the time and temperature history (i.e., heat flow, exhumation time and
magnitude). This is confirmed by the tornado plots (Fig 10.14 through 10.20), which show that
the magnitude of HI0 does not influence the estimated TR in the basin modeling; heat flow,
exhumation magnitude and kinetic parameters are the dominant variables. The basin modeling
method, therefore, is a more robust alternative to measure the extent of kerogen conversion in
cases where the time and temperature history is well constrained.
Similar to the maturity level expressed by the VR, the lateral variations in TR from the 2-D
model also show consistency with the heat flow distribution, except for well D (further
discussion in section 11.2.7). Well E has the highest TR and is located in a high heat flow zone,
moderate TR from wells A, B, C and F correspond to moderate heat flow zones and lower TR
correspond to lower heat flow in well G.
Although the burial history of well G is similar to the burial history of the other wells, the
thermal and hence hydrocarbon generation history of well G is different. In well G the MBD was
reached at 58 Ma like the other wells; however, maturation and hydrocarbon generation took
place later in the Eocene time, possibly due to the lower local heat flow. The lower temperature
and hence late generation resulted in a low TR (~20%). These observations highlight the
importance of a proper assessment of the source rock, including basin models and measured
geochemical properties, that is critical when characterizing conventional and unconventional
plays. Despite well G being in the oil window, as are most of the other wells in this study, the TR
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is low which affects the petroleum system charge and contributes to the lateral unpredictability
of the play.

11.2.3

Variations in organic matter richness

The present-day OM richness (TOC) ranks as good to very good (according to Peters and Cassa
(1994)). This OM richness represents the remaining content after some of the original OM
(TOC0) has been transformed into hydrocarbon, due to thermal degradation in the oil window.
Determinations of present-day TOC by Bloch et al., (1999) and Furmann et al., (2015) yielded
similar values in different locations in the study area. Findings from those authors and this work
confirm the favorable conditions for high OM accumulation in the center of the WIS during the
latest Cenomanian and early Turonian, when the Greenhorn cycle coeval the OAE2 (Section
3.3.1, Chapter 3).
The analysis of TOC variability can provide insights into the depositional controls that governed
the accumulation of OM. Furthermore, understanding the distribution of TOC makes it possible
to predict stratigraphic zones and geographic regions that are more favorable for hydrocarbon
generation and production (higher TOC) than others. To these ends, this section provides an
analysis of the lateral and vertical variations of TOC in the study area.

11.2.3.1 Lateral variations
Similar to the Tmax map, the TOC maps presented in this study (Fig. 8.3 and 8.4) are an updated
version of the map presented by Bloch et al. (1999). Data resolution was increased by
incorporating more recent public domain data (i.e., Furmann et al. (2015)), and new data from
this study. The trend of the isopleths in these maps show that the lateral distribution of OM
richness in the study area is strongly governed by the degree of thermal maturity; the general
trend of TOC in both SWS and UBF alloformations, decreases towards the deformation front,
where the thermal maturity (Tmax) is higher (Fig. 8.1). Also, TOC highs in the NW and SE
corner of the maps correspond to areas of relatively lower Tmax. Moreover, the present-day HI
(Fig. 8.5 and 8.6) also decreases towards the deformation front, which indicates that TOC and HI
isopleths trends are the result of kerogen conversion. As thermal maturity increases, the
generation and expulsion of hydrocarbons from the kerogen results in a decrease in labile organic
matter and hydrogen content (Hunt 1996).
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Furthermore, the TOC from the SWS alloformation shows a trend that was not seen in previous
published maps, possibly due to limited data density. Figure 8.3 shows a NW to SE trend of high
TOC in the central area. This relative enrichment suggests better preservation conditions at the
center of the WIS with less dilution of the OM from clastic input from the basin margins, and
perhaps greater degree of dysoxia/anoxia related to water column stratification.
These results are supported by similar observations on the lateral TOC distribution of the SWS
and UBF, east from this study by Marion (2018). Maps from Marion (2018) show high TOC
values (> 2.23 wt.%) in a north-south oriented fairway in the center of the study area (R4W5 to
R7W5), and TOC decreases west and east of that fairway. This pattern was interpreted by the
author as the result of increasing biotic production and decreasing clastic dilution and
degradation, indicating better conditions for OM accumulation at the center of the WIS.
TOC0 is more appropriate than present-day TOC to better assess the controls on the deposition of
organic matter in SWS and UBF in the study area, where the OM has been thermally altered in
most locations. TOC0 maps would make it possible to differentiate paleoenvironmental controls
from thermal alteration. Such maps, however, were not produced in this study but it could be
done as future work, to contribute to the understanding of OM deposition mechanisms in the
WIS and the ongoing discussion about the hydrodynamic conditions.
Although the maps produced in this study portray the distribution of the average organic matter
richness in each alloformation, it is important to consider the sampling density differences in
each well (see section 5.1). For example, the average TOC estimated from well E was estimated
using 28 samples, whereas the averages in the SWS in wells B,C and D were estimated using
only 4 samples each. Therefore, future work could benefit from increasing data density in each
core, to produce a more representative OM richness value.
In summary, the TOC maps suggest that the dominant control on present day TOC in the area is
the degree of thermal maturity. The depositional signature, however, is still evident and suggests
that better preservation conditions at the center of the WIS may have resulted in higher OM
accumulation in the SWS alloformation in this area.
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Furthermore, high TOC across the study area suggests that it is unlikely that the lateral
distribution of OM richness influenced production variability, as there are no zones of low TOC
(< 1%) that could result in low hydrocarbon generation and consequently low hydrocarbon
charge. However, hydrocarbon generation depends on other variables like the quality of the
organic matter (kerogen type and generation potential) and thermal maturity. These properties
will be analyzed in following sections.

11.2.3.2 Vertical variations
The vertical distribution of present-day TOC is shown in Figure 8.7; in three of the four wells
presented (A, E and G), the TOC increases towards the boundary of the SWS and UBF
(Cenomanian/Turonian). The dense sampling for well E provides a high vertical resolution,
showing that the SWS has not only higher TOC, but also higher HI and MinC than the UBF. The
increase of TOC, HI and MinC towards the contact between the SWS and UBF and into the SWS
may be related to increased influx of planktonic foraminifera and calcareous nannoplankton.
These organisms migrated from the warm proto-Gulf of Mexico into the fully marine Canadian
portion of the WIS, during a global sea level high (Schröder-Adams et al. 1996). Conditions
favorable for primary productivity were promoted by warmer temperatures and nutrient
upwelling related to OAE2, which began in the latest Cenomanian and ended in the early
Turonian (Jones et al. 2020) prior to the deposition of the top of the SWS (Prokoph et al. 2013b).
Figure 8.7 also shows that in well F, in contrast to wells A, E and G, HI and TOC decrease in a
thin interval below the SWS/UBF boundary. These changes will be discussed in section 11.2.6.
There are several other variations in the vertical geochemical profile that require study.
However, the stratigraphic framework adopted in this study does not provide sufficient
resolution to analyze internal variations; a more detailed allostratigraphic framework and facies
analysis is beyond the scope of this project.
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11.2.4

Kerogen type and depositional environment

The kerogen type is determined by its maceral composition, which in turn controls the petroleum
generation potential (Peters and Cassa 1994). Although there have been other studies addressing
kerogen type in other locations in Alberta (Bloch et al. 1999; Furmann et al. 2015), increasing
data density to analyze kerogen variability is important because lateral changes in kerogen type
may impact the type and proportion of hydrocarbon generated. This thesis integrates results from
organic petrography, and Rock-Eval from thermally immature and mature samples in order to
refine the characterization of kerogen types in the SWS and UBF alloformations of west-central
Alberta. See Chapter 2 for a review on the relationship between depositional environment, OM
type and the resulting kerogen.
The determination of kerogen type using Rock-Eval data was done using two diagnostic plots,
the pseudo van Krevelen plot and the HI versus Tmax plot. The pseudo van Krevelen plot (HI
versus OI) from samples from the modeled wells (Fig. 8.2C) does not shows a defined
degradation path for all the samples, which may be misleading. However, for some samples
suggests a dominant marine Type II kerogen type, with moderate HI and very low OI. On the HI
versus Tmax diagram (Fig. 8.2A) most samples plot samples plot on a Type II/III degradational
path, between the onset of maturity to peak oil generation.
It is important to consider that the reason why the samples from the modeled wells lie on the type
II/III kerogen path in the HI versus Tmax plot is related to the process of kerogen conversion to
hydrocarbon. Hydrogen and oxygen content of the kerogen gets depleted, while carbon content is
enriched with increasing thermal maturity (Tmax) during catagenesis (Hunt 1996; Dembicki
2017). For this reason, mature samples may display a kerogen type that does not represent the
original characteristics of the OM.
To avoid misinterpretations from mature samples where HI has been modified by hydrocarbon
generation, the determination of kerogen using immature samples is preferred. Most immature
samples from this study lie on the type II degradational path on the HI versus Tmax (Fig. 8.8A),
and the pseudo van Krevelen plot is in agreement (Fig. 8.8C).
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Furthermore, organic petrography is an independent tool that complements Rock-Eval analysis
and can assist in resolving interpretation when Rock-Eval shows conflicting results. The organic
petrography analysis in this thesis indicates that liptinite macerals like alginite and bituminite are
dominant, and there is a small contribution of primary vitrinite, which suggests a marine origin
for this kerogen. The dominance of liptinite macerals is consistent with the low OI shown in the
pseudo van Krevelen plot, therefore it is interpreted that the kerogen type is II.
Although there is a small contribution of primary vitrinite, there is a significant contribution of
inertinite and reworked vitrinite (refractory carbon) that could influence the measured values of
TOC and HI in some samples (e.g., Synnott et al., 2017). This could explain why, although
liptinite dominates the maceral composition, the HI is moderate.
The TOC in sediments comprises both generative (labile) and non-generative (refractory)
organic carbon components (Jarvie 2012a). HI is calculated based on the S2 measurement
(representing hydrocarbons generated by pyrolysis of labile OM) normalized to the calculated
TOC. Samples with an elevated proportion of refractory carbon, therefore, will exhibit lower HI
due to dilution of the generative fraction (Cornford et al. 1998). This effect was previously
documented in immature samples from the SWS and UBF Formations in eastern Alberta, where
refractory carbon was proven to depress HI, affecting the interpretation of both kerogen type and
generative potential (Synnott et al., 2017). The moderate HI values noted in this study in all
samples, even in those immature/early mature samples (i.e., Well D), could result from a dilution
effect of HI by the refractory carbon in the samples.
In summary, the dominance of liptinite macerals, the moderate to high HI, and the very low OI
suggest a marine dominantly type II kerogen for all the samples. Moreover, the organic carbon to
sulfur ratio (C/S or TOC/TS), which can be used to determine the depositional environment
(Berner and Raiswell 1984), indicates a marine origin for all the samples (Fig. 4.2).
Results from this study further supports observations from Bloch et al., (1999) and Furmann et
al. (2015) of the presence of marine kerogen Type II in the SWS and UBF in west central
Alberta, and indicate that there are no significant lateral variations of kerogen type. As will be
further discussed in the following section, this lack of variation is reflected in the generation
potential of this area of the basin.
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11.2.5

Generation potential

The generation potential of a source rock is expressed by the Rock-Eval S2 parameter, which
indicates the volume of hydrocarbons that can be generated upon maturation (Tissot and Welte
1984). The immature samples from the SWS and UBF have a very good to excellent generation
potential according to Figure 8.9 D, which corresponds to a very high mean S2 per well (> 20 mg
HC/gRock) shown in table 8. 2 (Peters and Cassa 1994).
The samples from wells in the mature area show a general decrease of generation potential
consistent with increasing maturity (Fig. 8.2 A, D), which is related to kerogen to hydrocarbon
conversion. Well D has the lowest maturity level and highest potential, whereas well E has the
highest maturity and the lowest generation potential. Although most of these samples are in the
oil window and have generated hydrocarbons, their potential is fair to good as illustrated in
Figure 8.2 D, and shown by mean S2 per well between approximately 4 and 10 mg HC/gRock
(Peters and Cassa 1994).
The overall good to very good generation potential of samples from this study complements
results from Furmann et al. (2015), who also found that generation potential from samples in
other locations in central Alberta is good to very good. These findings suggest that there are not
lateral changes in generation potential that could influence the production variability. Results
from both studies, however, provide higher lateral resolution to characterize the hydrocarbon
potential of the SWS and UBF source rocks.

11.2.6

In situ diagenetic alteration of bituminite

The increase of mean bituminite reflectance from wells D and G to the other wells is consistent
with the increase of Tmax and %VRo maturity indicators (Pickel et al. 2017). The increase in
aromaticity, condensation, and rearrangement of chemical structures in the OM during
maturation, are responsible for inducing reflectance increase with burial temperature (McCartney
and Teichmüller 1972; Carr and Williamson 1990).
The presence of bituminite and altered bituminite (high reflectance, >0.6%BRo) coexisting in
some samples (Fig. 8.13D), resulting in bimodal reflectance populations, suggests that a process
other than thermal maturation contributed to alteration of this maceral type. For example, aerobic
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degradation in oxygenated depositional environments (Fang and Jianyu 1992), and anaerobic
bacterial degradation in anoxic environments (Synnott et al. 2016) can produce a reflectance
enhancement.
The unimodal population and the lower reflectance population from the bimodal distribution
shows bituminite reflectance values between 0.48%BRo and 0.58%BRo. Because the samples
are in the oil window and have been subject to thermal stress, it is inferred that this population
may represent the reflectance increase related to thermal degradation. This observation, however,
is limited by the lack of a known numerical relationship between temperature and bituminite
reflectance, or bituminite reflectance and vitrinite reflectance.
The high reflectance population of the bimodal distribution shows bituminite reflectance values
higher than 0.58%BRo. The presence of high reflectance bituminite in proximity to framboidal
pyrite, (including framboids embedded in the maceral and in proximity to the edges of the
maceral) are consistent with Synnott et al. (2016). These authors used organic petrography and
sulfur isotope analysis in immature samples in eastern Alberta to demonstrate that high
reflectance oxidation rims in bituminite from immature samples from the SWS and UBF were
related to the bacterial sulfate reduction process (BSR). Furthermore, Synnott et al. (2016)
demonstrated that bituminite maceral reflectance increased in the same maceral with the
proximity to framboidal pyrite.
The SWS and UBF mudstones were deposited in an intermittently dysoxic to anoxic marine
environment (Schröder-Adams et al. 1996; Furmann et al. 2015). The OM that resisted aerobic
degradation under those conditions in the water column was delivered to the sediment-water
interface where it decomposed in the upper sediment layer through the bacterial sulfate reduction
(BSR) process. Anaerobic bacteria present in pores/cavities oxidize OM and reduce interstitial
dissolved sulfate to H2S to obtain energy. Iron cations from iron-bearing detrital minerals in the
sediments react with the H2S to precipitate several forms of sulfides, including pyrite as the
dominant form (Berner et al. 1985; Machel 2001). The occurrence of pyrite in proximity to the
bituminite suggests that BSR has affected this maceral (Fig. 8.13C). BSR-mediated degradation
of bituminite causes loss of hydrogen and functional groups, and enrichment of aromatic
molecules, leading to reflectance enhancement (Taylor et al. 1998). Therefore, the process of
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BSR during shallow burial diagenesis (from 0ºC to maximum ~80ºC) (Machel 2001), may
explain the presence of a high reflectance population of higly bacterially degraded bituminite.
Stasiuk and Goodarzi (1988) documented the presence of a low (<0.4 %BRo), medium (0.4 – 0.6
%BRo) and high (0.6-1.2 %BRo) bituminite reflectance population in samples from the SWS in
Saskatchewan. These authors related the presence of high reflectance bituminite to degradation
by methanogenic bacteria. This process takes place during early diagenesis in the sedimentary
environment, when the dissolved sulphate available in the sediments is depleted. Therefore, CO2
reduction becomes the main process of anaerobic respiration, resulting in methane and associated
hydrogen gas generation (Rice and Claypool 1981).
Stasiuk and Goodarzi (1988) suggested that the presence of high reflectance bituminite may be
geographically associated with the occurrence of biogenic gas in Saskatchewan. Although there
are biogenic gas accumulations in low-permeability Cretaceous rocks in the northern Great
Plains of Alberta, Montana and Saskatchewan (Shurr and Ridgley 2002), there is no report of
biogenic gas from Cretaceous rocks in west-central Alberta. The presence of high reflectance
bituminite in samples from this study indicates that a high level of bituminite alteration occurred
in other parts of the basin where there is no known association with biogenic gas.
Results from this study support previous documentation of bituminite maceral alteration possibly
related to BSR (i.e., Synnott et al., 2016), and challenge existing models that propose the use of
highly degraded bituminite as indicator of biogenic gas (i.e., Stasiuk and Goodarzi, 1988).

11.2.7

Sedimentary facies and geochemical parameters in well F

Abundant oil inclusions and exsudatinite accumulated in samples below the Red Bentonite in
well F. These samples showed a distinctive coarser grain size when observed under the
microscope; this was not present in any other sample in this study. Furthermore, the geochemical
logs from this well show distinctive characteristics when compared to the other three wells where
data from the UBF were present (Fig. 8.7). Immediately below the Red Bentonite and coeval
with the samples just mentioned, there is a notable decrease in HI and TOC and a corresponding
increase in MinC and OI.
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The upper allomember of the UBF has been interpreted by Marion (2018) — who also studied
wells E and F — to record an overall rise in base level punctuated by brief base level falls
(Kauffman and Caldwell 1993) that enabled the transportation of coarse sediments from the
Kaskapau delta farther into the basin, via combined flow.
The facies immediately below the Red Bentonite in well F was described by Marion (2018) as
laminated mudstones interbedded with siltstones and sandstones. This facies was interpreted as
deposited in a shallow water setting between the storm wave base for silt and sand. The silty to
sandy interbeds, where oil inclusions and exsudatinite are present, were interpreted by Marion
(2018) as storm deposits.
Furthermore, it has been recognized by several authors (Tyagi et al. 2007; Tyagi 2009; Marion
2018) that the top of the UBF ( the Red Bentonite) is a disconformity that, in some areas of the
basin, is expressed as an erosional contact (Tyagi 2009; Marion 2018). Marion (2018) found that
the uppermost UBF, defined in that study as UBF3, reaches maximum thickness in township 41.
However, north and south from township 41, the UBF3 is truncated against the Red Bentonite,
related probably to subtle erosion or a lateral facies change. Comparing wells E and F, Marion
(2018) concluded that UBF3 is present in well F but is absent in well E.
The geochemical logs below the Red Bentonite in well F show a response typical of the
conditions under which the sandy interval may have been deposited. During storms, higher
influx of terrestrial OM likely resulted in a higher OI. Furthermore, during periods of erosion, the
sediment/water interface became oxic to dysoxic, which favoured chemical and biological
degradation of OM. During such periods, sediments with low TOC (<1%) and less pyrolyzable
carbon (HI, < 250 mgHC/gTOC) would accumulate (Tyson 2005).
The analyzed interval is too thin to be used to generalize about the reservoir facies in the UBF, or
to speculate on implications for production performance. However, the presence of exsudatinite
and oil in a coarse-grained layer provides an insight into the primary migration of the generated
hydrocarbons towards porous zones with distinctive geochemical features.
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11.2.8

Maturity anomaly in the Second White Specks Formation

The low maturity of well D is interesting because this well is approximately 23 km northwest
from well E (Fig. 5. 1), in which the thermal maturity of OM is at the peak of the oil window
(Fig. 8. 2). The stratigraphic interval cored in both wells is the same. In cross section there is no
evidence of faulting between these two wells (i.e., the depth of the SWS and UBF in both wells
is very similar, no depth differences are observed) (Fig. 11.1). Furthermore, their burial
trajectories are very similar, according to the burial plots (Fig. 10.10 and 10.11).
Snowdon (1995) and Bloch et al. (1999) documented lateral maturity contrast in the SWS
Formation. Figure 11.2 shows an example from Snowdon (1994; 1995) where the Tmax profile
in a section of the SWS Formation falls below the extrapolated maturity trend for the
surrounding formations. Although the core interval in well D is not long enough to provide
samples to observe changes above and below the studied units, the analogy is appropriate
because the well from Snowdon’s analysis is located only about 20 km northeast from well D.
Bloch et al. (1999) observed the occurrence of lower Tmax at equivalent depths in the SWS,
similar to results from this study shown in Fig. 11.1.
Snowdon (1995) and Bloch et al. (1999) attributed maturity differences to suppression of Tmax,
which is a frequent problem that lowers apparent thermal maturity and reduces the reliability of
predictions of generative potential (Carr 2000; Hackley and Cardott 2016). The problem was
described as a consequence of pitfalls of a maturity proxy (Rock-Eval Tmax), however it was not
catalogued as a maturity anomaly.
Furthermore, in analyzing the thermal maturity pattern in the WCSB, Bustin (1999) suggested
that there are local maturity variations that are not well understood. The presence of lateral shortscale maturity variations and irregular patterns were noted in vitrinite isoreflectance maps from
several stratigraphic intervals in Alberta, Saskatchewan and British Columbia (including Albian,
Cenomanian, Turonian, Campanian, Maastrichtian and Paleocene strata). Bustin (1999)
suggested that improper palinspastic restoration, low sample density and lack of detailed studies
using actual maturity measurements could lead to such irregular patterns.
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This detailed study moves the science forward by providing evidence from three independent
thermal maturity parameters (VR and Tmax (Fig. 11.1)), and alginite color (Fig. 8.13 A and B)),
indicating that the OM in the SWS in well D is immature. Furthermore, a low PI and very low
TR estimated in the 1-D burial models indicate a low level of kerogen conversion, consistent
with the low thermal maturity.
The implication is that the lower Tmax identified in previous work may not be related to
alterations of that single maturity proxy. The maturity differences between wells D and E
indicates the existence of short scale maturity variations that require investigation, especially
when assessing the economic viability of source-rock reservoir systems like the SWS. Therefore,
this section discusses several potential causes that can affect the thermal maturity of the source
rock, or that can lead to erroneous estimations.

11.2.8.1 Characteristics of the OM and facies changes
Snowdon (1995) related the low Tmax to a possible enrichment of sulfur in the OM which
increases the thermal lability of the heteroatomic bonds (Tegelaar and Noble 1994). Sulfurenriched kerogens typically exhibit sulfur concentrations higher than 8% (Lewan et al. 1985;
Baskin and Peters 1992). The samples in this study contain less than 4% of sulfur (Fig. 8.8,
Table 8.1), therefore the observed apparent maturity differences likely result from processes
other than sulfur enrichment.
Alternatively, Bloch et al. (1999) suggested a lack of refractory carbon as a probable reason for
the low Tmax. The petrographic observations from this study, however, indicate that there is a
significant refractory carbon component in all samples regardless of thermal maturity.
Organic facies changes can impact maturation and hydrocarbon generation since individual
kerogen components could be involved in many simultaneous reactions with different activation
energies (Hunt 1996). For example, the threshold of oil generation for oil-prone Type I kerogen
is higher than other kerogens ( Tissot et al., 1974), due to a scarcity of thermally labile
heteroatomic bonds and the prevalence of strongly cross-linked long aliphatic chains (Peters
1986). Suppression of vitrinite reflectance, Tmax and hydrocarbon generation has been observed
in samples from California Basins (Price et al. 1999). This suppression was attributed to stronger
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bonds in the hydrogen-rich OM, with respect to other hydrogen-poor samples. A transition to
organic facies more resistant to thermal degradation could explain the low maturity. However,
the kerogen in samples from well D does not show any differentiation from samples in other
wells on the van-Krevelen diagram (Fig. 8.2C) suggesting there is no significant facies change.

Figure 11. 1Tmax and vitrinite reflectance versus depth. Wells D and E are closely spaced
(about 23 km), the samples are at very similar depth and, yet they differ considerably in the
level of maturity. Samples from well D are immature/ early oil window (Tmax<435,
VRo%<0.65) whereas samples from well E are mature (Tmax >435, VRo% > 0.65).
Vitrinite reflectance from well E are taken from Furmann et al. (2015), except for one
sample at depth = 1809.3 m which reflectance was determined in this study. (See Table 8.1
to relate well symbols with UWI).
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Figure 11. 2 Suppression of Tmax in the Second White Specks Formation interval in the
well 100/11-10-048-07W5/00. The data is taken from Snowdon (1994).
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Figure 11. 3 Pyrogram of a sample from well D (Depth 1809.2 m). Although there is a very
small shoulder (between 2.5 and 5.0 min, and 300 and 350 ºC, black arrow), the S2 peak is
well defined, suggesting the sample is not bitumen stained.

11.2.8.2 Sampling and related alteration of maturity parameters
Maturity assessment of source rocks can be affected by various sources of errors like mixed
cuttings from uphole formations and additives in oil-based muds, which produce anomalous low
vitrinite reflectance and Tmax magnitudes (Peters 1986; Peters and Cassa 1994; Carvajal-Ortiz
and Gentzis 2015a; Hackley and Cardott 2016). In this study, those unwanted effects were
avoided since no cuttings were used and the samples come from core from wells drilled with
water-based mud.
Another common cause of suppression is bitumen impregnation, which has been responsible for
reducing both Tmax and vitrinite reflectance in a single interval (Jarvie 2012b). When samples
are bitumen impregnated, the Rock-Eval pyrograms commonly exhibit a double shoulder on the
low-temperature side of the S2 peak (Clementz, 1979; Peters, 1986) as a consequence of
carryover of free hydrocarbons (S1 peak) into the pyrolyzable hydrocarbons (S2 peak) (Jarvie
2012b). This does not seem to be the reason behind the low maturity of samples from well D.
Figure 11.3 shows a pyrogram from one sample from this well where, although there is a very
small shoulder, the S2 peak is well defined indicating that it is not bitumen stained. Moreover,
bitumen impregnation effect on maturity can be corrected by removal of the extractable OM
prior to analysis (Clementz 1979; Delvaux et al. 1990; Zink et al. 2016). Using this method,
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Snowdon (1995) did not observe Tmax differences between extracted and unextracted samples
from the SWS.
When suppression is suspected, the fluorescence of oil-prone OM under ultraviolet light reveals
the actual maturity of the sample (Wilkins et al. 1995; Carvajal-Ortiz and Gentzis 2015b). In the
studied interval from well D, alginite has a bright green color, which is consistent with the low
Tmax and vitrinite reflectance (Pickel et al. 2017) and low kerogen conversion is indicated by
the low PI. These observations suggest that the apparent low thermal evolution of those samples
is not an effect of suppression of the maturity parameters used.

11.2.8.3 Heat transport and the role on thermal maturity and
temperature gradient
Section 11.2.1 discussed the thermal maturity in wells A, B, C, E, F and G as being consistent
with the magnitude of heat flow in their respective locations. For instance, the highest maturity
level is present in well E, which is located in the highest heat flow region of the study area.
Similarly, the lowest maturity is from well G, which is located in the lowest heat flow region.
These observations indicate that the maturity in the SWS and UBF is dominated by convective
heat transport.
Well D, however, is an exception. Not only is the thermal maturity inconsistent with the
magnitude of heat flow, but the present-day temperature profile shows a distinctive
characteristic. While the geothermal gradient in the other wells is constant with depth (Appendix
H), in well D there is a large difference between the low geothermal gradient in the SWS
alloformation and Belly River Formation and the higher geothermal gradient in the Viking
Formation and older strata.
When comparing the thermal profiles of wells D and E (Fig. 11.4), the temperatures from the
lower stratigraphic section in well D are similar to those in well E. However, in the upper
stratigraphic section the temperature gradient from the upper stratigraphic section (e.g., data
point from Belly River) from well D is lower than in well E, which has a constant geothermal
gradient.
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Bustin (1991) suggested that lateral short-scale maturity variations and irregular patterns in the
basin may be attributable to anomalous maceral composition, which was already discussed,
variations in thermal conductivity of the strata, thrust faults, and advective heat transport.
Variations in average thermal conductivity in Paleozoic, Mesozoic and Cenozoic strata were
analyzed by Majorowicz and Jessop (1981). These authors concluded that the distribution of
average thermal conductivity does not show variations that could explain changes in the
geothermal gradient. Furthermore, the effect of thrust faulting has been recognized mainly in the
Front Ranges and Foothills of the Canadian Cordillera, but not in the plains (Bustin and England
1989; Bustin 1991), where the study area is located.

Figure 11. 4 Comparison between the temperature profiles from wells D and E. Blue line
refers to modeled temperature and blue squares are the temperature data points.
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Advective disturbance of the geothermal field in the WCSB is controversial (Majorowicz et al.
1985). Although some previous work suggested that the distribution of heat in the basin has been
affected by regional fluid flow (Majorowicz and Jessop 1981; Hitchon 1984), numerical models
of heat and fluid flow have shown that Darcy fluid velocities are too slow to explain the heat
flow distribution in the basin (Bachu 1988, 1999; Majorowicz et al. 1999; Adams et al. 2004;
Weides and Majorowicz 2014).
It is difficult to relate the different geothermal gradient and lower maturity of well D to lateral
advective heat transport. The anomalously low temperatures are in the Colorado Group, which is
a thick mudstone- dominated aquitard, inter-layered with thin sandstones that may act as aquifers
(Bachu 1995). Moreover, the high thickness of the shaly succession makes thermal advection
less probable (S. Bachu, personal communication, September 2020).
In addition, it is understood that in major upland regions of the basin (with elevations higher than
1000 m), like the Foothills of the Canadian Cordillera, the geothermal gradient is depressed as
the thermal field is affected by the recharge of cold meteoric waters (Hitchon 1984). Well D,
however, is located in the plains; the ground level elevation is about 895 m, which does not
represent a recharge zone (Hitchon 1984). Furthermore, the current charge and discharge areas in
the basin have existed since the Tertiary or earlier, based on similarities between the present-day
and paleo topography (Hitchon 1984; Beaumont et al. 1985). It is, therefore, unlikely that the
well D location was a recharge zone in the past.
In the absence of a plausible explanation involving lateral advective heat transport, it is
necessary to consider local phenomena that may disturb the thermal field in well D. Faults can
act as conduits for heat, fluids and solute transport (López and Smith 1995). A local flow system
may develop due to structurally controlled recharge from fluids moving downward along a fault
zone (Fairley and Hinds 2004). The influx of cold meteoric waters could locally disturb the
thermal field, leading to low temperatures and geothermal gradients as observed in well D.
The existence of a fault zone near well D is merely speculative as there are no structural maps or
seismic data available to infer its existence. Furthermore, the SWS alloformation in well D is
approximately at the same depth as in well E (~ 20 km away), suggesting that there has been no
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significant relative vertical movement between the two wells (Fig. 11.1). The stratigraphic record
at this well does not show evidence of faulting.

11.2.8.4 Uncertainties related to present-day temperatures
Because present-day temperatures were derived from well DSTs that are subject to uncertainties,
it is possible that the abnormal low present-day temperatures from well D result from DST
measurement error. Temperatures from DST are generally assumed to be accurate because they
provide a direct measure of pore fluid temperature, collected shortly after drilling (Beardsmore
and Cull 2001; Gray et al. 2012). The standard deviation of DST temperatures is about 1.5 ºC
based on analysis of multiple DST at equal depths in the Norwegian North Sea (Hermanrud et
al. 1991).
The accuracy of DST temperatures may be compromised for several reasons. If the flow of fluid
is slow due to low reservoir permeability, or if there is expanding gas in the fluid, the recorded
temperature may be lower than the true reservoir temperature (Beardsmore and Cull 2001).
To reduce uncertainties related to temperature measurement quality, a local integrated
geothermal gradient for each well was built using temperature data from nearby wells from
several formations (Beardsmore and Cull 2001; Hantschel and Kauerauf 2009) (see section
7.4.5.2, Chapter 7). Furthermore, because Holocene glaciation in Alberta has proven to be a
cause of distortion of temperatures shallower than 1000 m (Gray et al. 2012), all the temperature
data was collected from greater depths. Best efforts were used the select high-quality DST data
for construction of the geothermal gradients.

11.2.8.5 Maximum burial depth, paleotemperature and
hydrocarbon generation
Maturation models in the plains and the foothills suggest that the main episode of maturation and
hydrocarbon generation occurred during Late Cretaceous through Paleogene time at maximum
burial depth (Beaumont et al. 1985; England and Bustin 1986; Kalkreuth and McMechan 1996).
The heat flow regime in southern Alberta during the time of maximum burial was similar to the
present regime (Majorowicz et al. 1999). Furthermore, samples from the Colorado Gp. and
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Belly River Formation from wells nearby well D yielded average paleogeothermal gradients
similar to present-day gradients at the time of MBD (Ravenhurst et al. 1994b).
The MBD of the SWS in well D, prior to flexural uplift, was approximately 4069 m, which is the
sum of the present-day depth (1783 m) and the mean exhumation magnitude (2286 ± 185 m)
estimated in this study. Assuming the paleogeothermal gradient in well D was similar to the
present-day geothermal gradient, the SWS reached temperatures of about 106 °C. These thermal
conditions are sufficient to trigger hydrocarbon generation ( catagenesis stage temperature range
: 50 – 200 ºC) (Hunt 1996), which is inconsistent with the low maturity of well D.

11.2.8.6 Thermal maturity and overpressure
Overpressure in sedimentary basins may be generated by several mechanisms (see section 2.6,
Chapter 2). The dominant mechanisms causing overpressure in the WCSB are disequilibrium
compaction and hydrocarbon generation (Bekele et al. 2000; Eaton and Schultz 2018).
Overpressured zones are identified using pressure survey data (e.g., DST, bottom hole static
gradient tests) to define abrupt increases from a normal hydrostatic gradient (i.e., approximately
10.0 kPa/m) (Tingay et al. 2009). These zones are corroborated in corresponding wireline
geophysical logs typically by a decrease of resistivity and an increase of the sonic transit time
(Bigelow 1994; Osborne and Swarbrick 1997).
The effect of overpressure in the maturation of OM has been long debated. Although there are
studies that suggest that overpressure plays a minor role in OM maturation (Huang 1996; He et
al. 2002), thermal anomalies associated with overpressure (pressure gradient > 11.5kPa/m) have
been documented in several basins. For example, strong fluorescence in liptinite components in
sediments that have already passed the oil window has been observed in the Sable Basin
(Mukhopadhyay 1990). Abnormally low VR has been identified in the North Sea (McTavish
1998; Carr 2003). In the Dongpu Depression of Bohai Basin in China, the retardation of OM is
reflected by low Tmax, and delayed thermal cracking of long-chain normal hydrocarbons; VR,
however, was not affected (Hao et al. 2007). Similar to well D in this study, one well (LD3011)
in the Yingehhai Basin in China shows abnormal low maturity as indicated by low Tmax, low
VR, and low thermal cracking of long-chain hydrocarbons (Hao Fang et al. 1995).
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Anomalous high formation pressure or overpressure, as a consequence of disequilibrium
compaction, can cause the alteration of kinetic parameters of the different parallel reactions
involved in the maturation of the components of the OM (Fang and Jianyu 1992; McTavish
1998; Carr 2000; Hao et al. 2007; Le Bayon et al. 2011). These changes result in retardation of
the OM maturation, which is defined as the reduction of maturation due to overpressure
(Hackley and Cardott 2016). Retardation may be evidenced by abnormal low thermal maturity
indicators inconsistent to the geological history of the sediments (McTavish 1998; Hao et al.
2007; Carr and Uguna 2015; Hartkopf-Fröder et al. 2015; Hackley and Cardott 2016).
Although there is no pressure data available from well D, pressure data from wells in its
proximity (in a radius of < 5 km) show that the pressure gradient is normal (i.e., approximately
10 kPa/m). Furthermore, despite well logs from well D showing an increase in sonic transit time
in the interval corresponding to the SWS, the resistivity is high, and the porosity does not
increase (Fig. 6.3, Chapter 6). The increase in sonic transit time may be associated with the
presence of high TOC (Passey et al. 1990; Osborne and Swarbrick 1997), but it does not
necessarily imply the presence of overpressure due to disequilibrium compaction.
Because the evidence suggests that the pressure gradient in well D is normal, it is unlikely that
overpressure may have played a role in the low maturity and hydrocarbon generation in this
zone. However, it is known that overpressure is a dynamic phenomenon that may dissipate with
time due to uplift, erosion, cooling, opening of sealing faults or fracturing of pressure seals (Hao
et al. 2007). Significant uplift and erosion in the WCSB could have caused a decline in pore
pressure, due to pore expansion and temperature decrease (Magara 1976).
For overpressure to have influenced OM maturation in well D in the past, leading to the
retardation of all maturity parameters, it would have required a complex and unlikely set of
conditions leading to the development of a local zone of overpressure in a closed fluid system
(Hao et al. 2007). Furthermore, similar to conditions observed in the well LD3011 in the
Yingehhai Basin in China, where the maturity parameters (VR and Tmax) and hydrocarbon
generation are retarded, the overpressure would need to have been persistent from the immature
stage through the hydrocarbon generation phase (Hao et al. 2007).
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11.2.8.7 Summary
Notwithstanding the possibility that the present-day temperatures may not be accurate, multiple
lines of evidence (Rock-Eval, Organic Petrography) confirm the low maturity level of the OM in
well D. The lack of maturity data above and below the SWS and UBF is an important limitation
in this study because it is not possible to assess if the maturity anomaly of well D is restricted
only to the SWS Formation interval, as observed by Snowdon (1994,1995), or if it involves other
formations. As a consequence, if there was a cooling event, it is not possible to constrain the
timing.
These observations and their respective analyses suggest that the causes affecting the local paleotemperature and hence maturity remain unexplained. If there has not been any distortion of the
local thermal field, then the low maturity of well D is probably related to secondary processes
affecting the OM characteristics. For example, the impact of microbial alteration of the kerogen
on maturation is not well understood (K. Osadetz, personal communication, September 2020),
and evidence of bituminite degradation from this study and other work (Goodarzi and Stasiuk
1987; Synnott et al. 2016) suggests intense microbial activity in these mudstones.
With the current evidence, it is not possible to determine the controls behind maturity and
kerogen transformation in well D. However, this discussion sets the stage for future work, as
suggested in Chapter 12.

11.2.7.8 Implications of maturity anomalies
Addressing the origin of low maturity anomalies like the one observed in well D, and
constraining the variations in hydrocarbon generation, as evidenced by well G, is important
because these wells are located in a development fairway for the SWS light oil play (Creaney
and Allan 1990; Furmann et al. 2015). Defining the geographic extents of the oil window is
critical in shale play analysis since maturity is a primary determinant of retained hydrocarbon
saturation in the source rock (Curiale and Curtis 2016). Elevated oil saturation, in turn, is an
essential requirement for commercial production from a sufficiently permeable source rock
interval (Jarvie 2012b). Predicting the location of low maturity anomalies or low hydrocarbon
generation areas decreases the exploration and production risk.
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Results from this study challenge the prevailing concept that the SWS shale play extends
uniformly across a broad “oil window” area defined by low resolution maturity data. It has been
demonstrated that the thermal maturity and hydrocarbon generation varies significantly within
this so-called fairway. These findings highlight the necessity for further research to understand
the factors affecting the maturity and the consequences for hydrocarbon production. Denser grids
of thermal maturity and hydrocarbon generation data are necessary for derisking the source-rock
reservoir play and identifying “sweet spots” with enhanced oil saturation.

11.2.9

Uncertainties and limitations of the basin models

Basin models are powerful tools that illustrate plausible scenarios of petroleum system evolution
during a span of time given various boundary conditions and input data (Al-Hajeri et al. 2009).
However, they are strongly limited by the quality and density of that given data. Although basin
models in this study enabled the analysis of lateral maturity variations and contributed to the
understanding of the hydrocarbon generation history of the SWS and UBF, it is important to
address sources of uncertainties and discuss their limitations.
Basin modeling uses present-day temperature from borehole temperatures, and estimated
paleotemperature (e.g., VR) to model the evolution of temperature with time. As discussed in
section 11.2.7.4, the measurement of present-day subsurface formation temperature is subject to
operational errors. Most wells displayed consistent present-day temperature profiles. In the case
of well D, however, the low temperature may result from data errors but also could be the
product of a distortion of the thermal field. As a result, the calibration between the present-day
well temperature and modeled temperature was not possible with the limited data available.
Paleotemperature estimates in all the wells are uncertain because VR data is only present for the
interval of the SWS and UBF alloformations. This limitation is particularly important for well D
because there is an inconsistency in the thermal maturity. The lack of paleotemperature data
above and below the source rock limits the interpretation of the possible causes of this anomaly
because it is not possible to determine if it is restricted to the SWS and UBF or if it involves
other formations.
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The absence of well constrained paleotemperature data results in a potential incorrect calibration
of heat flow. In most wells the paleotemperature and present-day temperature were calibrated
using heat flow values that are consistent with a published heat flow distribution map (i.e.,
Majorowicz, 2016). In the case of well D, however, the anomalously depressed present-day and
paleotemperature of the SWS and UBF, were calibrated using a heat flow of 40 mW/m2 that does
not correspond to the cited heat flow map. These inconsistencies increase the uncertainties
associated with the models.
Furthermore, modeling heat transport assumes a steady state condition in which all time
dependent terms such as transient heat sources or convective heat transport are neglected
(Hantschel and Kauerauf 2009). This assumption is reasonable in cases where the maturity is
consistent with the thermal and burial history of the samples. Well D, however, lacks such
consistency and the validity of the steady state assumption is questionable.
In the 2-D models the lateral extension of the thermal anomaly in well D is unknown, therefore
the model representation is only speculative around this well. To reduce uncertainty and better
represent the thermal field in the area, as further discussed in the Future Work section on Chapter
12, it is essential to incorporate maturity and temperature data from the SWS and UBF from
wells in the proximity of well D.
In addition to heat flow, as mentioned in section 11.2.2, the sensitivity analysis showed that the
modeled TR is highly influenced by the kinetic parameters and the magnitude of exhumation,
whereas it is not affected by TOC0 or HI0. There is uncertainty associated in the use of generic
kinetic parameters models to simulate kerogen conversion, instead of kinetic parameters
estimated specifically from the kerogen in the source rock (as explained in section 7.4.4, Chapter
7). However, to reduce that uncertainty, the kinetic model was selected based on the consistency
between TR estimated from the basin modeling (from parallel reactions that describe the kerogen
degradation), and TR estimated independently using Rock-Eval from immature data. This
consistency is confirmed by the strong correlation (r2 = 0.775) between TR estimated from both
methods, as illustrated in Fig. 10.2.
Finally, it is important to emphasize that the input of new exhumation magnitudes estimated in
this work contributed to the reduction of the uncertainty related to the burial trajectory of the
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source rock. As mentioned in Chapter 1, previous attempts to reconstruct the post-Eocene
exhumation history of the basin show conflicting results, and sparse data control. The following
section discusses the proposed exhumation map based on estimations from this study and
compares this new model with previous work.

11.3 Exhumation determination
11.3.1

Post-Eocene exhumation magnitude variability

The exhumation map produced in this study represents an estimation of the thickness of rock that
was removed by post-Eocene erosional exhumation, after the culmination of the Laramide
orogeny. The exhumation magnitude increases towards the deformation front from northeast to
southwest (Fig. 9.1). This pattern, which has been identified by previous studies (Hacquebard
1977; Nurkowski 1984; Bustin 1991; Poelchau 2001), is consistent with the flexural model that
explains the origin of the foreland basin (Beaumont 1981). As mentioned in Chapter 2, the
WCSB formed as a consequence of flexural downwarping of the lithosphere in response to the
load of fold and thrust belt. Greater burial depth and stratigraphic thickness was reached in the
proximal foredeep, where subsidence was high during active loading of the lithosphere.
Cessation of thrusting during late Paleocene to Eocene resulted in flexural unwarping of the
lithosphere and consequently uplift when the load in the mountains was eroded (Beaumont
1981; Cant and Stockmal 1989; Leckie and Smith 1992). Because of the isostatic rebound of the
lithosphere, the flexural uplift was higher towards the load (the fold and thrust belt) (Beaumont
1981), and so was the magnitude of exhumation.
The large data density that supports results in this study, reveals a high lateral variability of the
exhumation pattern that had not been observed in previous exhumation maps. Explaining such
variability is beyond the scope of this project. Nonetheless, a brief analysis is provided below, to
place these results into a tectonic context.
Understanding the controls behind the exhumation pattern is limited in this study, due to the lack
of structural maps that enable the evaluation of possible correlations between Phanerozoic
tectonic features and exhumation. However, available aeromagnetic data enabled comparison of
the exhumation pattern with the basement configuration.
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Figure 9.3 shows that there is an apparent relationship between exhumation contours and
Precambrian terranes boundaries (Wabamun, Thorsby Low and Loverna Block) illustrated in the
aeromagnetic map. Figure 9.3 also shows that high exhumation magnitude is collocated with the
southern extension of the Snowbird Tectonic Zone. The Snowbird Tectonic Zone (STZ) is an
aeromagnetic and gravity discontinuity that separates the Rae and Hearne Provinces. In the study
area, the STZ is interpreted to represent a Proterozoic suture zone (Ross et al. 2000).
Patterns in compaction-based exhumation maps from other basins have revealed that basement
faults may have influenced stratigraphic preservation. For example, in the East Irish Basin,
exhumation varies significantly between adjacent fault blocks. It was speculated that this pattern
was the result of a locally variable inversion related to the reactivation of Paleozoic basement
faults (Ware and Turner 2002; Turner and Williams 2004).
The influence of basement control on sedimentation through the reactivation of basement faults
in the WCSB has been debated. Based on aeromagnetic and seismic data, Ross and Eaton (1999)
suggest that reactivation of pre-existent basement faults had little influence in Phanerozoic
sedimentation. However, multiple studies have documented localized control of deep-seated
Precambrian structures on sedimentation and facies distribution of overlying units.
In southern Alberta, analysis of seismic reflection data identified two distinct fault breaks
involving basement through Devonian and Lower Cretaceous reflectors that underlie folding in
overlying Upper Cretaceous reflectors. These geometries were interpreted as the result of
inversion of these basement faults during the Laramide compressional phase (Lemieux 1999). In
this area, a later study observed an alignment of surface features (e.g., rivers) with basement
fabric (lineaments defined by magnetic data, linked to basement structures), suggesting recent
movement along basement faults exerted control on drainage patterns (Ugalde et al. 2008).
Furthermore, other examples from stratigraphic data show that local changes in thickness and
facies distribution in Cretaceous sediments from north, south and central Alberta are possibly
related to deep seated structures (Hart and Plint 1993; Donaldson et al. 1998; Kreitner and Plint
2006; Grifi et al. 2013b; Al-Mufti 2018; Ibrahim 2018).

241

Several studies of Devonian carbonate platforms in the WCSB have suggested that structural
highs associated with basement faults governed the inception of reef margins in the Peace River
Arch and other regions of Alberta (Keith 1970; Mountjoy 1980; Cant 1988; Edwards and Brown
1999). This relationship is based in the general consensus that reef build-ups nucleate on
paleotopographic highs because they provide favorable ecological conditions to sustain the
carbonate factory (Cook 1972; Mountjoy 1980).
In this context, it is intriguing to note that the exhumation contours that deflect over the Rimbey
Domain boundaries are collocated with the NE-SW trend of the Rimbey-Leduc-Meadowbrook
reef chain (Fig. 11.5). Although it has been proposed that the crystalline basement possibly
influenced the location of the reef chain (Keith 1970; Mountjoy 1980), analysis of seismic
images (lines RB and 5 in Fig 11.5) indicates that the basement did not have a tectonic influence
in the morphology of the overlying reef (Edwards and Brown 1999). The offset of basement
reflectors was deemed a data artifact.
The relationship between basement faults and the trend of the Rimbey-Leduc-Meadowbrook reef
chain remains unclear. Previous work ruled out such a relationship because although the trend of
the reef aligns perfectly to basement fabrics in the south west (i.e., Rimbey domain, where it is
collocated with exhumation isopleth contours from this study) (Fig. 11.5), no spatial correlation
is apparent to the north (Eaton and Milkereit 1995; Edwards and Brown 1999).
The apparent deflection of exhumation isopleths over Precambrian terrane boundaries supports
other independent observations that point to the influence of deep-seated structures in the
Phanerozoic sedimentary record of the WCSB. The Precambrian terrane boundaries may have
acted to localize motion and deformation when the unloading and consequent isostatic rebound
of the basin occurred during Late Paleocene to Eocene time. However, as stated by Ross and
Eaton (1999), the mere juxtaposition of features does not provide evidence for actual
displacement. For this reason, the putative influence of reactivated basement faults over the
exhumation pattern is speculative and research integrating exhumation maps, stratigraphy,
topography, aeromagnetic and seismic data is necessary to elucidate if and how such controls
occur.
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From previous page
Figure 11. 5 Comparison between exhumation contours from this study and the trend of
the Leduc Formation reef complex. The Leduc Formation reef complex has a NE to SW
orientation (grey). The aeromagnetic map (left) is shown to depict the coincidence of the
Homeglen-Rimbey reef (southern part of the Leduc Formation reef complex) with the
Rimbey domain. Furthermore, the exhumation contours from this study (red contours) are
collocated with the NE-SW trend of the Homeglen-Rimbey reef. Modified from Edwards
and Brown (1999).
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11.3.2

Exhumation uncertainties

Uncertainties related to the exhumation determination using the compaction-based method are
systematic errors (e.g., lithological heterogeneities and lateral variations) and measurement
errors (e.g., well logs quality).

11.3.2.1 Systematic errors
- Lithological variations
The Wapiabi Formation is thick (114 to 360 m) and laterally continuous (Leckie et al. 1994b) in
the study area; this is advantageous for determination of exhumation in this project. Furthermore,
the thickness of the Wapiabi made it amenable to subdivision into multiple mudstone units (see
section 6.2, Chapter 6) for calculation of the mean net exhumation per well.
Lateral and vertical lithological variations — for example, changes in the proportion of silt,
sandstones, clays and organic matter — are sources of uncertainty among individual estimates of
exhumation per well. Although mudstones were traditionally considered to be “homogeneous”,
recent studies demonstrated that mudstones are texturally and compositionally heterogeneous on
a range of spatial scales (Schieber 1989; Aplin and Macquaker 2011; Macquaker et al. 2014;
Taylor and Macquaker 2014).
It is important to take mudstone heterogeneities into consideration because different types of
sediments respond differently to increased stress during burial (Bjorlykke, 2015). The velocity is
higher in stiffer sediments than in softer sediments (Mavko et al. 1998). For instance, at one
kilometer of burial depth the velocity of sandstones varies between 2.6 and 3.2 km/s (depending
on clay content, 30 – 0%), whereas the velocity of a marine shale (dominated by illite/smectite)
is about 2.1 km/s (Japsen et al. 2007b). Because of these variations in physical properties, each
primary lithology has a different compaction curve (Nur et al. 1998; Japsen 2000, 2018; Japsen
et al. 2007b; Bjorlykke 2015).
Similarly, differences in compaction occur among shales according to their clay mineralogy
(Aplin and Macquaker 2011). Kaolinites behave differently from smectite during compaction
because of differences in their physical properties. Minerals belonging to kaolinite group have a
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1:1 structure which consist of repeating TO layers. Strong hydrogen bonds make possible the
stacking of multiple TO layers resulting in thick, large flakes (Nesse 2000). Mechanical
adjustment of kaolin flakes during compaction results in increased contact between the flakes,
leading to an increase in velocity (Japsen 2000; Bjorlykke 2015). Shales dominated by wellpacked kaolin flakes can develop physical properties similar to sandstones (Japsen 2000). In
contrast, smectites have a 2:1 structure consisting of TOT layers with a hydrated and expansible
interlayer (Nesse 2000). The interlayer water leads to weak mechanical contact and consequently
to low sonic velocity (Japsen 2000). Although smectite has a lower velocity than kaolinite,
additions of silt increases the velocity (Bjorlykke 2015).
There is no mineralogical analysis from the Wapiabi Formation in the study area that confirms
the clay composition. However, studies from other Colorado Group marine mudstones in the
study area indicate that their clay fraction is dominated by illite-smectite over kaolinite (De
Caritat et al. 1994; Rokosh et al. 2007). The assumption that the clay mineralogical assemblage
of the Wapiabi Formation is similar to other mudstones from the Colorado Group, therefore,
constitutes another source of uncertainty in this work.
The effect of lithological variations on compaction behavior makes it preferable to use multiple
stratigraphic units from different depths to assess consistency in the exhumation magnitude and
reduce uncertainty in the estimations (Baig et al. 2016; Japsen 2018). The ability to determine
consistency in the exhumation magnitudes using other formations, however, is limited in this
study for several reasons.
As mentioned in Chapter 6, the compaction-based method to estimate exhumation requires that
the studied lithological unit has: (i) high thickness (enough to get several velocity points to
define a trend over a depth interval), (ii) low organic matter content, (iii) normal pore pressure,
and (iv) high lateral continuity (Menpes and Hillis 1995; Japsen 2000; Ware and Turner 2002).
In looking for a lithological unit in the WCSB that satisfies these conditions, the main limitations
were found to be organic matter content and lithological composition. For example, Devonian,
and Jurassic shales were not considered because of excessive variability in lithological
composition; carbonate intervals within the shales, for example, complicate compaction
estimates. Furthermore, the Devonian and Jurassic shales have high organic matter content (akin
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to some Cretaceous shales) that can lead to underestimation of exhumation. Consequently, the
use of other (older) shale formations to determine exhumation using the compaction analysis
proved to be impractical in the study area.
Thermal methods could be explored to validate exhumation results from this study (Japsen et al.
2007a; Baig et al. 2016), but these were beyond the scope of this project. In theory, the use of
independent methods improves the confidence of the burial history reconstruction.
Profiles of maximum paleotemperature from Apatite Fission Track Analysis (AFTA) and VR
can be extrapolated to an appropriate surface temperature to determine the amount of section that
has been removed by exhumation and erosion (Corcoran and Doré 2005). In particular the use of
AFTA is highly advantageous because it also confirms the timing of the exhumation event
(Corcoran and Doré 2005).
In central Alberta, AFTA is feasible as was demonstrated by Ravenhurst et al., (1994). The
authors estimated maximum paleotemperature, paleogeothermal gradients and time of MBD
using AFTA data from sandstones from Mannville and Colorado Group, and Belly River,
Edmonton and Brazeau Formations. Furthermore, in this area there are several OM rich intervals
including coals from Mannville Group and Belly River formation and Devonian and Cretaceous
shales where VR can be determined.
As will be further explained in the next section, VR has previously been used to estimate the
magnitude of exhumation in the basin (Bustin 1991), yielding conflicting results that are highly
sensitive to several assumptions. For this reason, future work will need to carefully address those
assumptions to constrain reasonable exhumation estimates.
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11.3.2.2 Measurement errors
The NCT and the exhumation estimation have measurement errors because both rely on sonic
logs. Uncertainties associated to the sonic log were reviewed in section 2.5.2.3 on Chapter 2.

11.3.3

Comparison with other exhumation estimations

The existence of conflicting exhumation models derived from a variety of thermal based and
compaction-based methods provided the rationale for revisiting this topic in this research.
Furthermore, exhumation magnitudes from previous models were reported without an estimation
of their range of variation.
This study presents exhumation determinations and their statistical variation represented by the
standard deviation (Fig. 9.2, Chapter 9). This approach was essential for the basin modeling; the
variation of exhumation during the calibration process in each well, as mentioned in Chapter 10,
was done according to the reasonable limits provided by the standard deviation, rather than
arbitrary ranges from conflicting models.
This section compares results from this study with each of the previous exhumation analyses in
the study area, including thermal based and compaction-based methods.

11.3.3.1 Previous thermal-based estimates
As mentioned in section 3.4 in Chapter 3 there are two previous estimates using thermal-based
methods in the study area; one based on the extrapolation of VR paleotemperature profiles
(Bustin 1991), and another that used an empirical relationship between coal moisture loss with
depth (Nurkowski 1984).

11.3.3.1.1 VR paleotemperature profiles
Exhumation estimates from Bustin (1991) increase westerly from 2500 to 3200 m in the study
area (using a paleoreflectance surface of 0,25 Ro%) and are considerably higher than results
from this study (i.e., westward increase from 1819 to 2416 m). As discussed in section 3.4,
results from Bustin are limited by the high uncertainty of the assumptions of the method, since
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the sensitivity of exhumation magnitude to the assumed surface paleoreflectance value is high
(Fig. 3. 17).
Differences between results from Bustin (1991) and this study may be related to the surface
paleoreflectance value assumption. However, it is also possible that thermally derived
exhumation magnitudes by Bustin (1991) were overestimated because of the assumption that the
paleotemperature gradient of the eroded sediments was similar to the paleotemperature gradient
measured on the preserved stratigraphic interval. For instance, in the Otway Basin in
southeastern Australia, it was observed that estimates of exhumation from the compaction-based
and VR methods had a very good correlation, except for some areas where exhumation
magnitude from VR was higher. It was hypothesized that in such areas the paleogeothermal
gradient of the eroded section was probably lower than the measured paleogeothermal gradient
of the preserved section, therefore the extrapolation of the paleotemperature gradient was
incorrect, resulting in higher exhumation magnitude (See Fig. 3. 17 for reference).

11.3.3.1.2 Coal moisture loss versus depth relationship
Figure 9.3 illustrates the marked difference in exhumation estimates where data from this study
overlaps data from Nurkowski (1984). Nurkowski’s estimates increase westward from 1200 to
1600 m, whereas results from this study increase westward changing between 2000 and 2300 m.
The differences may be related to assumptions in Nurkowski (1984) method.
As explained in Chapter 3, Nurkowski (1984) based his study in the use of a relationship
between coal moisture content variation with depth that was developed from European coals
(from Hacquebard, 1977). However, the differences between paleogeothermal gradients from
those European Basins and the WCFB were neglected, as the author considered they were not
important. These differences are important because, as noted by Beaumont (1981), the coal
moisture loss is solely proportional to maximum depth for high volatile, low rank coals.
Nonetheless, for high rank coals (i.e., at high depth), moisture is no longer a good measure of
metamorphic degree. Therefore for those coals Hacquebard (1977) used a coalification model
that contends that the degree of metamorphism of a coal (measured by vitrinite reflectance or
percentage of volatile matter) is dominated by the temperature history (Beaumont 1981). The
depth of burial and corresponding maximum temperature to which a coal has been exposed for a
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certain time governs the coal rank (Teichmüller and Teichmüller 1979); therefore, different
paleogeothermal gradients would produce different coalification gradient curves. If the
paleogeothermal gradients are not similar, it will limit the applicability of the relationship to
predict the MBD of a coal bed according to its rank in the WCSB. For these reasons, the results
from Nurkowski (1984) are uncertain, possibly explaining discrepancies with results from this
study.
Furthermore, the exhumation map presented in this study shows a higher complexity and
variability than Nurkowski (1984). The reason lies in the higher data density. The data presented
in Nurkowski (1984) was smoothed by taking the average of exhumation estimates from blocks
consisting of 9 townships. This propagates uncertainty and probably hides the complexity of the
exhumation pattern. Despite the differences, the similarity shared between the 1500 m contour
from Nurkowski (1984) map and the 2180 m contour in this study, shows that both maps perhaps
illustrate the influence of a local tectonic feature.

11.3.3.2 Previous compaction-based estimates
Results from Magara (1976) in the study area range between 500 and 1400 m (Fig. 1. 3, Chapter
1), which is considerably lower than results from this study (approx. 2300 m in the small area
where both study areas coincide). These discrepancies, as explained below, are potentially the
consequence of the subjectivity and assumptions of the Magara (1976) method.
Chapter 3 summarized Magara’s (1976) pioneering work on compaction principles to estimate
exhumation in the WCSB. However, Chapter 6 explained that the compaction curve used by
Magara (1976) to describe the decrease of transit time with depth incorrectly predicts the sonic
transit time in a totally compacted rock (0% porosity) to be zero. It was later proposed that the
sonic transit time in a totally compacted rock approaches the matrix transit time ( Heasler and
Kharitonova, 1996), and the sonic transit time-depth gradient approaches zero (Japsen 2000).
When this gradient does not approach zero at infinite depth, exhumation magnitude is
underestimated (Japsen 2000). For this reason, as mentioned in Chapter 6, this study used a more
physically realistic relationship between transit time and depth to address this issue.
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Looking back at the Magara (1976) study, another important limitation is the difficulty to
reproduce the method (Poelchau 2001). Exhumation determinations by Magara (1976) in 6 wells
in the basin involved arbitrarily extrapolating a straight line through a sonic transit time versus
depth profile, without calculating a linear regression. Therefore, such extrapolation is subject to
the interpreter bias (“eyeballing”) to estimate the trend.
In contrast to Magara (1976), the alternative approach used in this study is reproducible, because
it involves quantitatively fitting a compaction curve that is based in rock physics models, and
derived from marine shales similar in composition to the study interval (Japsen 2000; Japsen et
al. 2007b). Furthermore, the similarity of this compaction curve with other compaction curves
derived from marine shales in several regions (e.g., Norwegian Shelf , Danish Basin, FaroeShetland region, Barents sea) (Fig. 6.2, Chapter 6) (Hansen, 1996; Japsen, 2000; Tassone et al.,
2014; Baig et al., 2016) attests to the robustness and confidence in this method. These
compaction curves were successfully used to estimate exhumation magnitude, producing results
comparable with other independent methods like vitrinite reflectance gradient extrapolation
(Baig et al. 2016). Furthermore, while Magara (1976) only provided exhumation determinations
from 6 wells, this work presents the first exhumation map of central Alberta derived from a
compaction-based method, using 40 wells.

11.3.4 What is the importance of a new model of exhumation in the
WCSB?
The new higher resolution exhumation map from this study benefits from high data density and
reveals a complex spatial variation in exhumation never observed before. Moreover, the
deflection of isopleths coincident with basement terrane boundaries suggests a novel hypothesis
that Paleogene motion of deep-seated basement faults influenced the uplift and exhumation
process. If future research confirms such influence, exhumation mapping could become a readily
available and reliable tool for understanding relatively recent movements in basement boundaries
in the WCSB.
Furthermore, in contrast with previous conflicting exhumation models in central Alberta, only
this study provides a statistically determined confidence range for exhumation results which, as
explained in section 11.3.3, is critical to reduce uncertainty in basin modeling.
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Chapter 12

12 Conclusions and further research
12.1 Conclusions
This study investigated the geochemical characteristics and thermal evolution of the organic
matter in the Second White Specks and Upper Belle Fourche alloformations, integrating organic
geochemistry, petrography, and 1-D/2-D basin modeling. The results and discussion deepened
the understanding of the lateral and vertical variations of organic matter concentration,
diagenetic alterations of OM, and lateral variations of thermal maturity and hydrocarbon
generation.
Furthermore, exhumation estimates across the study area produced a robust and reproducible
parameter to be used as input in the basin models. This is a novel approach since it is the first
time that the problem of conflicting exhumation models of the WCSB was addressed, to reduce
uncertainty of the burial trajectory, and better constrain the calibration in basin models. The
study of exhumation magnitudes enabled the assessment of the thermal evolution of source
rocks. Moreover, the local, high-resolution exhumation pattern provided tentative evidence for
the influence of Late Cretaceous to Paleogene basement motion in the basin sedimentary record.
The research was motivated by the hypothesis that there were variations in geochemical
properties controlling the hydrocarbon charge that could exert a strong influence on oil
production rates in the SWS play. In the course of addressing the principal research question,
other conclusions became evident from the analysis and these have advanced our understanding
of the SWS petroleum system as well as pointed toward future avenues for productive research.

12.1.1 The research question: Are there variations in the geochemical
properties of the organic matter in the SWS shale play that could
contribute to its unpredictable oil production performance?
The research definitively affirmed there are lateral variations in the thermal maturity and kerogen
conversion level that affect the amount of generated hydrocarbon present in the SWS sourcereservoir rock (SWS and UBF alloformations) and that may be available to be produced.
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•

In most wells in the study area the thermal maturity of the SWS-UBF OM is high and
hydrocarbons have been generated. Well D, however, is an exception. Despite being
located in a moderate to high heat flow area, close to other wells where OM is mature,
well D presents a low maturity anomaly. The low maturity is indicated by low Tmax,
low VR, bright green liptinite macerals and low kerogen conversion. The analysis
suggests that it is unlikely that common causes of thermal maturity suppression or
retardation like overpressure, lateral organic facies changes, and experimental issues
are responsible for the low maturity anomaly. Furthermore, the conduction-dominated
thermal regime of the basin suggests that lateral advective heat transport is not
responsible for delaying the thermal maturity. Although, the controls on this anomaly
are not well understood yet, this study has framed the problem for future research, by
identifying the maturity anomaly, and ruling out most of the conventional reasons for
delayed thermal maturity and kerogen conversion.

•

Hydrocarbon generation in the central and northern part of the study area (including
wells A, B, C, E and F), where heat flow is moderate to high, began in the Paleocene.
The organic matter is mature (peak oil window) and has generated hydrocarbon. Lateral
variations in heat flow, where heat flow is lower in the south (well G), resulted in a
later hydrocarbon generation in the Eocene, leading to significantly lower kerogen
conversion.

•

The identification of large variations in thermal maturity and kerogen conversion in
west-central Alberta is important, because it challenges the prevailing idea that the
SWS geographically extends across a broad oil window band. These results suggest
that previous models do not capture the real variability of critical properties that define
the SWS petroleum system charge, like thermal maturity and kerogen conversion,
increasing the exploratory and development risk.
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12.1.2
•

Other conclusions

The thermal maturity generally increases westward towards the deformation front,
consistent with previous work, as a result of increasing burial depth.

•

The OM richness is high across the study area. The major control on the distribution of
OM is the thermal maturity, which is suggested by a westward decrease in TOC and
HI, as a result of hydrocarbon generation.

•

Despite the fact that organic matter in most of the study area is thermally mature and
kerogen has been degraded to generate hydrocarbons, the generation potential, as
suggested by high TOC and high S2, remains high.

•

Increased TOC in the SWS alloformation towards the central fairway of the WIS
suggests better preservation conditions in this area, possibly related to less clastic
dilution and greater degree of dysoxia/anoxia.

•

The kerogen type is II, comprising a maceral assemblage dominated by liptinite,
vitrinite, inertinite, and solid bitumen. Alginite and bituminite, in particular, are
abundant. The modest contribution of inertinite may be responsible for a dilution effect
of the pyrolyzable carbon.

•

The occurrence of exsudatinite, bituminized alginite, and oil inclusions accumulated in
carbonates, pyrites, foraminiferal tests, and inertinite are evidence for the generation of
hydrocarbons and primary migration towards porous reservoir zones within the rock.

•

The OM in these mudstones was subject to different degrees of degradation by sulfatereducing bacteria. This process was responsible for enhancing the reflectance of
bituminite macerals. Statistical analysis enabled the description of the low reflectance
subpopulation from samples with bimodal %BRo distributions; the mean of this
subpopulation and the unimodal population was consistent with %VR.

•

The exhumation magnitude increases from north-east to south-west towards the
deformation front. The large data density that supports results in this study reveals a
complex lateral variability of the exhumation pattern, that had not been captured in
previous work. There is a speculative relationship between exhumation contours and
Precambrian terrane boundaries. Further research is necessary to determine if and how
basement features could influence exhumation pattern in the basin.
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12.2 Future research
•

Delimiting the lateral and vertical extension of the maturity anomaly observed in Well
D, by constraining the thermal field around this well, is the next critical step toward
determining the process(es) responsible for the low maturity anomaly. Therefore, it is
important to build basin models including present-day temperature (BHT, DST) and
paleotemperature (VR, AFTA, etc.) data from the SWS and UBF as well as overlying
and underlying strata, from wells in proximity to well D. The present-day temperature
data is readily available from wells in the pool; in cases where temperature data is not
available for a specific well, integrated geothermal gradients using nearby wells can
be built, as it was done in this project (Section 7.4.5.2, Chapter 7). VR and AFT data
are very limited in the literature; however, it can be determined from core, although
cuttings can be used as long as results are interpreted with caution. Addressing the
reasons for the Well D anomaly is important to predict other areas of low thermal
maturity and hydrocarbon generation that are less prone for successful hydrocarbon
exploration. Furthermore, it will contribute to the ongoing dispute on the factors that
control the heat distribution in the basin, as reviewed in Section 3.2.2, Chapter 3.

•

Results from this study represent a fundamental first step towards determining if
variations in the hydrocarbon charge resulted in lateral variations in production rates.
The organic matter richness, generation potential and thermal maturity are critical
variables controlling the hydrocarbon charge because they determine the volume of
hydrocarbon generated. However, the storage capacity (including organic porosity,
sorption capacity and expulsion efficiency) is also a fundamental component defining
the hydrocarbon charge and hence the volume of hydrocarbon that is available to be
produced; these properties were not evaluated in this study. Although this research
demonstrated that there are lateral changes in variables controlling the hydrocarbon
generation, the correlation between the hydrocarbon charge and hydrocarbon
production rates remains to be investigated. The following is a list of suggestions
towards this end.
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-

The workflow designed in this project enabled the identification of variations
in thermal maturity and heat flow that influence the hydrocarbon charge and
could ultimately impact hydrocarbon production. Therefore, it is recommended
to apply a similar workflow to several wells from a SWS hydrocarbon pool to
better constrain the variations of these properties on a local scale. The organic
geochemistry and petrography analysis can be done on samples from core and
well cuttings (with caution) from existing wells in the pool.

-

Because this study demonstrated that the thermal maturity and the level of
kerogen conversion of the SWS and UBF shows significant lateral variations,
it is essential to build high resolution maps that portray the variations of
geochemical properties, especially thermal maturity (e.g., Tmax, VR) and TR.

-

The focused acquisition of organic geochemistry data combined with
exhumation estimates from wells in the pool enables the construction of high
resolution 2D, 3D and 4D models that show the lateral variation of the
hydrocarbon charge in the pool.

-

To model the charge, it is important to consider the hydrocarbon generation,
and the simulation of adsorption and expulsion (primary migration), to estimate
the oil in place. Modeling software like Petromod offer options to estimate
organic porosity, and simulate adsorption and expulsion, using geoochemical,
pressure and temperature data.

-

Once the hydrocarbon charge is portrayed in the 2D/3D/4D models it is possible
to statistically test its relationship to production rates on a well-by-well basis.

•

The occurrence of higher TOC in the center of the WIS, as revealed by the presentday TOC from the SWS, should be further investigated by evaluating the TOC0, not
only from the SWS but also from the UBF and other Colorado Group mudstones. The
study of the distribution of TOC0 enables the determination of the depositional controls
on the lateral distribution of organic matter in the basin. The computation of TOC0, as
it was shown in this study (Chapter 5, section 5.3.3), can be done following the method
of Chen and Jian (2016).
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•

The speculative influence of Precambrian terranes boundaries in the exhumation
pattern should be further investigated using a multidisciplinary approach integrating
seismic, aeromagnetic, stratigraphic, and topographic data to determine if and how
motion along the boundaries could have affected the sedimentary record. Furthermore,
it is suggested to increase the number of exhumation determinations along the terrane
boundaries and the Snowbird Tectonic Zone, to better constrain the exhumation
variation.

•

The exhumation estimates have uncertainties that can be reduced with additional
analysis that were beyond the scope of this study:
-

Clay mineralogical analysis to determine the clay composition of the Wapiabi
Formation. The purpose is to verify if it is dominated by smectite/illite over
kaolinite, since there were lithological assumptions on the use of the NCT from
marine shales dominated by smectite/illite.

-

Determine exhumation with thermal based methods, (i.e., extrapolation of
paleotemperatures profiles from AFTA and VR), to validate exhumation
determinations from this study.
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Appendices
This section shows supplementary information including full data sets, equation derivations, full
size plots, and additional results, some of which are not part of the main discussion but support
analytical workflows, observations, and conclusions.

Appendix A Selection of the method to estimate transformation ratio (TR)
In the literature, the methods proposed by Peters et al. (2005) (Claypool's equation), Justwan
and Dahl (2005) and Jarvie et al. (2012a) are the most used to estimate transformation ratio (TR).
These methods involve the use of hydrogen index (HI) from the studied samples and initial
hydrogen index (HI0) from immature samples (i.e., samples that have not been through
significant kerogen degradation).
The HI0 was estimated in this work using a data set of immature samples from the SWS and UBF
located east of the studied area. A distribution of HI from these samples was analyzed and the
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value corresponding to the P50 of the frequency distribution was taken as representative of the
HI0, according to Jarvie (2012a).
The three methods to estimate TR were applied to the studied samples. To evaluate which
approach was the most appropriate, the results were plotted in a TR vs. Tmax plot from Tissot et
al. (1974). This plot was obtained by Tissot et al. (1974) based on a data set of several source
rocks with different kerogen types, giving the best fit curves for each principal kerogen (thick
lines) and the range of values (dashed lines).
The results (mean TR vs. mean Tmax per well) using the three methods show that the samples
follow the TR vs Tmax relationship typical for kerogen type II, consistent with the kerogen type
determined from Rock-Eval and organic petrography (Fig. A1). There are some similarities
between the data, especially those results from Peters et al. (2005) and Justwan and Dahl (2005).
However, most data points from the Jarvie (2012a) approach lie closer either to the best fit curve
for kerogen type II or the boundary of the range, whereas most data points from the other
methods lie outside the range boundary. Although there are no significant differences, results
from Jarvie (2012a) behave more similarly to the TR vs. Tmax relationship estimated for a
kerogen type II. For this reason, the Jarvie (2012a) approach was selected as the most consistent.
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Figure A0.1 Transformation ratio (TR) versus Tmax from Tissot et al. (1974). Three
approaches to estimate TR were evaluated. To determine which method was more
consistent, the resulting mean TR versus Tmax per well were plot in this diagram that
shows the relationship between TR and Tmax according to the kerogen type. The method
from Jarvie (2012a) was selected as the most consistent, because most points from this
approach lie closer to either the best fit curve of kerogen type II or the data range limit.
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Appendix B Derivation of the equation for the estimation of original total organic carbon
(TOC0)
The original total organic Carbon (TOC0) was determined using the method proposed by Chen
and Jiang (2016). According to Chen and Jiang (2016), the TR can be expressed by the ratio of
generated hydrocarbons to the total of generative potential, expressed as:
𝑇𝑇𝑇𝑇 =

𝑆𝑆1 + 𝜀𝜀
𝑆𝑆1 + 𝑆𝑆2 + 𝜀𝜀

[B 1]

Rearranging Equation B1, the amount of expelled hydrocarbons (ε) can be obtained from:
𝜀𝜀 =

𝑆𝑆2𝑇𝑇𝑇𝑇
− 𝑆𝑆1
1 − 𝑇𝑇𝑇𝑇

The expulsion efficiency (f) represents the ratio of expelled to generated hydrocarbons,
expressed as:
𝑓𝑓 =

𝜀𝜀
𝑆𝑆1(1 − 𝑇𝑇𝑇𝑇)
=1−
𝜀𝜀 + 𝑆𝑆1
𝑆𝑆2𝑇𝑇𝑇𝑇

[B 2]

According to the mass balance principle, the observed current TOC can be expressed as the
difference between the original total organic carbon (TOC0), and the carbon equivalent to the
expelled hydrocarbons. This difference must include a correction with a mass correction factor
(φ) related to present day and initial rock masses:
𝑇𝑇𝑇𝑇𝑇𝑇 =

1
(𝑇𝑇𝑇𝑇𝑇𝑇0 − 𝛼𝛼𝑇𝑇𝑂𝑂𝑂𝑂0 𝑓𝑓𝑓𝑓𝑓𝑓)
𝜑𝜑

[B 3]

Where α is a scaling parameter associated with kerogen type (HI0 /1200). 1200 is the maximum
amount of hydrocarbons that can be formed assuming 83.33% carbon in hydrocarbon, (1/0.0833
*100 = 1200). Rearranging equation B3:

298

𝑇𝑇𝑇𝑇𝑇𝑇0 = 𝜑𝜑

𝑇𝑇𝑇𝑇𝑇𝑇
1 − 𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼

The mass conversion factor (φ) represents the ratio of present-day rock mass (after hydrocarbon
generation and expulsion), over the initial rock mass. The original rock mass (G0, g) is the sum
of present-day rock mass (Gx, g), plus the carbon equivalent mass of hydrocarbons expelled from
the rock (expulsion efficiency, f):
𝐺𝐺0 = 𝐺𝐺𝑥𝑥 +

𝑇𝑇𝑇𝑇𝑇𝑇0 𝐻𝐻𝐻𝐻0
𝑓𝑓𝑓𝑓𝑓𝑓𝐺𝐺0
100 1000

[B 4]

Rearranging Equation B4:
𝐺𝐺𝑥𝑥 = 𝐺𝐺0 (1 −
Because 𝜑𝜑 =
𝜑𝜑 =

𝐺𝐺𝑥𝑥
𝐺𝐺0

𝑇𝑇𝑇𝑇𝑇𝑇0 𝐻𝐻𝐻𝐻0
𝑓𝑓𝑓𝑓𝑓𝑓)
100 1000

, then:

𝐺𝐺𝑥𝑥
𝑇𝑇𝑇𝑇𝑇𝑇0 𝐻𝐻𝐻𝐻0
𝐻𝐻𝐻𝐻0 𝑇𝑇𝑇𝑇𝑇𝑇0
𝑇𝑇𝑇𝑇𝑇𝑇0
=1−
𝑓𝑓𝑓𝑓𝑓𝑓 = 1 − 0.833
𝑓𝑓𝑓𝑓𝑓𝑓 = 1 − 0.833
𝐺𝐺0
100 1000
1200 100
100

[B 5]

Combining Equation B3 with equation B5, the TOC0 can be expressed as:
𝑇𝑇𝑇𝑇𝑇𝑇0 =

𝑇𝑇𝑇𝑇𝑇𝑇
0.833𝑇𝑇𝑇𝑇𝑇𝑇
1−∝ 𝑓𝑓𝑓𝑓𝑓𝑓(1 −
)
100

[B 6]

In Chapter 5, equation B6 is equivalent to equation 5.4 and equation B2 is equivalent to equation
5.5. For a more detail explanation, please refer to the original source (i.e., Chen and Jiang
(2016))
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Appendix C Derivation of the equation to estimate net exhumation magnitude (EN)
The NCT used in this study (Japsen 2000) has the form:
𝑧𝑧

𝑉𝑉 = 106 /(460𝑒𝑒 −2175 + 185)

[C1]

Also, the relationship between net exhumation (EN), maximum burial depth (BMAX) and the
present-day burial depth (BPD) is expressed according to Corcoran and Dore (2005) as:
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BMAX = EN + BPD

[C2]

At maximum burial depth, z = Bmax. By substituting Equation C1in Equation C2:
𝑉𝑉 = 106 /(460𝑒𝑒 −

𝐸𝐸𝑁𝑁 + 𝐵𝐵𝑃𝑃𝑃𝑃
2175

+ 185)

[C3]

Rearranging Equation C3 to obtain EN ,
460𝑒𝑒 −

𝑒𝑒 −

𝐿𝐿𝐿𝐿 � 𝑒𝑒

−

𝐸𝐸𝑁𝑁 +𝐵𝐵𝑃𝑃𝑃𝑃
2175

𝐸𝐸𝑁𝑁 +𝐵𝐵𝑃𝑃𝑃𝑃
2175

𝐸𝐸𝑁𝑁 +𝐵𝐵𝑃𝑃𝑃𝑃
2175 �

106
− 185
𝑉𝑉

106
− 185)/460
𝑉𝑉

=(

106
185
= 𝐿𝐿𝐿𝐿 �
−
�
460𝑉𝑉 460

= −

𝐸𝐸𝑁𝑁 = −(2175 × 𝐿𝐿𝐿𝐿 �

=

𝐸𝐸𝑁𝑁 + 𝐵𝐵𝑃𝑃𝑃𝑃
2175

106
185
−
� + 𝐵𝐵𝑃𝑃𝑃𝑃 )
′
460 × 𝑉𝑉
460

[C4]

In Chapter 6, equation 6.4 is equivalent to equation C2, and equation 6.6 is equivalent to
equation C4
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Appendix D Pyrolysis Rock-Eval and Total Sulfur data from samples from the Second White Specks (SWS) and Upper Belle
Fourche (UBF) alloformations in the foredeep depozone of the Western Canada Foreland Basin.
Appendix D1: Data from wells located in the thermally mature zone (Creaney and Allan 1990; Furmann et al. 2015).
UWI and Symbol

100/09-09-056-19W5/00
A

100/14-03-053-15W5/00
B

102/07-33-052-15W5/00
C

Sample
Depth
m

Alloformation

2237.6
2242.1
2243.5
2245.1
2248.0
2249.9
2249.9
2252.6
2257.2
2261.1
2264.1
2264.5
2265.7
2269.9
2273.0
1877.9
1887.3
1891.7
1894.0
1961.6
1964.1
1965.4
1968.0

SWS
SWS
SWS
SWS
SWS
SWS
SWS
SWS
SWS
SWS
SWS
SWS
UBF
UBF
UBF
SWS
SWS
SWS
SWS
SWS
SWS
SWS
SWS

S1

mg HC/
g Rock mg
1.62
0.87
1.10
1.66
1.52
1.34
1.27
1.10
0.88
1.05
1.28
0.97
0.96
1.83
1.35
1.55
1.37
1.60
2.28
0.64
0.94
1.18
1.26

S2
mg HC/
g Rock
9.36
4.97
8.14
9.58
7.99
10.60
10.30
4.84
3.24
4.24
6.88
7.02
8.33
13.92
6.78
8.26
7.22
6.95
8.93
2.34
2.85
4.40
7.07

S3
mgCO2/
g rock
0.22
0.27
0.18
0.31
0.33
0.34
0.34
0.31
0.30
0.33
0.34
0.16
0.28
0.39
0.18
0.12
0.17
0.11
0.14
0.10
0.07
0.18
0.22

Tmax

TOC

MinC

°C

wt.
.%
3.59
2.16
3.31
3.29
3.15
3.74
3.79
2.39
1.96
1.96
3.00
2.77
3.26
4.84
3.05
3.03
2.85
2.80
3.40
1.55
1.82
2.43
3.21

wt.
%
1.5
0.8
1.4
1.5
1.6
2.6
2.6
2.6
0.7
0.9
0.8
1.1
1.0
1.2
0.8
1.2
1.6
0.9
1.5
0.6
0.8
1.3
1.0

439
443
441
441
441
442
440
440
444
441
441
439
438
442
441
441
441
441
442
439
441
440
439

HI
mg HC/
g TOC
261
230
246
291
254
283
272
203
165
216
229
253
256
288
222
273
253
248
263
151
157
181
220

OI

PI

mg CO2/
g TOC
6
0.15
13
0.15
5
0.12
9
0.15
10
0.16
9
0.11
9
0.11
13
0.19
15
0.21
17
0.20
11
0.16
6
0.12
9
0.10
8
0.12
6
0.17
4
0.16
6
0.16
4
0.19
4
0.20
6
0.22
4
0.25
7
0.21
7
0.15

TS

TOC/TS

wt.%
3.23
3.34
3.07
3.76
3.27
3.36
3.36
3.36
2.81
3.17
3.03
2.66
3.25
3.93
3.09
3.19
3.18
3.17
2.93
2.80
2.79
2.81
2.98

1.11
0.65
1.08
0.88
0.96
1.11
1.13
0.71
0.70
0.62
0.99
1.04
1.00
1.23
0.99
0.95
0.90
0.88
1.16
0.55
0.65
0.86
1.08
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UWI and Symbol

100/06-31-046-08W5/00
D
100/07-19-045-06W5/00
E

Sample
Depth
m

Alloformation

1809.2
1813.9
1817.1
1819.5
1794.78
1795.55
1796.72
1797.78
1799.33
1799.63
1800.70
1801.60
1803.34
1804.42
1804.71
1806.06
1806.70
1808.44
1809.32
1809.89
1810.93
1812.05
1813.43
1814.25
1814.70
1815.50
1816.30
1816.67

SWS
SWS
SWS
SWS
SWS
SWS
SWS
SWS
SWS
SWS
SWS
SWS
SWS
SWS
SWS
SWS
SWS
SWS
SWS
SWS
SWS
SWS
SWS
SWS
SWS
SWS
SWS
SWS

S1

mg HC/
g Rock
1.07
0.86
1.08
1.15
1.61
1.48
1.38
1.34
1.68
1.31
1.31
1.06
0.79
0.87
0.88
1.16
1.33
1.26
1.25
0.90
1.57
1.21
1.47
1.55
1.57
1.46
1.47
1.80

S2
mg HC/
g Rock
7.96
6.78
7.97
9.59
5.49
5.18
4.60
4.16
5.71
4.30
4.48
3.68
3.36
3.49
3.65
4.19
4.97
5.00
5.37
3.04
5.95
4.69
5.77
5.68
6.19
5.22
5.43
6.46

S3
mgCO2/
g rock
0.19
0.16
0.18
0.28
0.39
0.37
0.37
0.38
0.37
0.36
0.35
0.33
0.35
0.33
0.38
0.37
0.38
0.35
0.35
0.29
0.36
0.35
0.36
0.33
0.36
0.34
0.37
0.35

Tmax
°C
433
434
430
433
447
447
448
447
448
447
447
449
448
450
449
448
448
448
451
450
449
448
446
448
449
449
448
447

TOC
wt.
%
2.70
2.45
2.78
2.94
2.85
2.76
2.75
2.54
2.92
2.43
2.54
2.08
2.22
2.26
2.27
2.59
2.81
2.93
2.86
1.96
3.01
2.58
2.87
2.90
2.72
2.80
2.87
3.47

MinC
wt.
%
0.9
1.0
0.7
1.3
1.9
2.0
2.2
1.1
3.1
1.5
1.6
1.4
1.8
1.2
1.8
2.5
2.8
2.3
2.1
1.2
2.1
2.2
2.2
2.7
2.8
1.8
1.7
2.1

HI
mg HC/
g TOC
295
277
287
326
193
188
167
164
196
177
176
177
151
154
161
162
177
171
188
155
198
182
201
196
228
186
189
186

OI
mg CO2/
g TOC
7
7
6
10
14
13
13
15
13
15
14
16
16
15
17
14
14
12
12
15
12
14
13
11
13
12
13
10

PI

TS

0.12
0.11
0.12
0.11
0.23
0.22
0.23
0.24
0.23
0.23
0.23
0.22
0.19
0.20
0.19
0.22
0.21
0.20
0.19
0.23
0.21
0.21
0.20
0.21
0.20
0.22
0.21
0.22

wt.
%
2.44
2.61
2.89
2.50
-------------------------------------------------

TOC/T
S
1.11
0.94
0.96
1.18
-------------------------------------------------
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UWI and Symbol

Rock
100/07-19-04506W5/00
E

Sample
Depth
m

Alloformation

S1

S2

mg HC
g

mg HC/
g Rock

S3

1817.17

SWS

1.60

5.58

mg
CO2/
g rock
0.32

1819.20
1820.15
1821.67
1822.26
1823.72
1824.80
1825.00
1826.80
1827.30
1829.90
1830.89
1832.75
1833.25
1834.22
1834.46
1835.22
1837.58
1838.68
1839.73
1840.96
1842.02
1843.12
1844.43
1845.30

SWS
SWS
SWS
UBF
UBF
UBF
UBF
UBF
UBF
UBF
UBF
UBF
UBF
UBF
UBF
UBF
UBF
UBF
UBF
UBF
UBF
UBF
UBF
UBF

1.57
1.27
1.22
1.29
1.18
1.02
0.78
0.68
0.75
0.73
0.71
0.62
0.66
0.62
0.82
0.68
0.69
0.87
0.70
1.29
1.25
1.11
1.27
1.93

5.49
4.34
4.41
4.40
4.01
2.79
2.08
1.79
1.90
2.11
2.04
1.89
1.99
1.83
2.87
2.06
2.12
2.99
2.03
4.13
4.13
3.09
4.67
6.48

0.35
0.34
0.32
0.34
0.32
0.31
0.30
0.27
0.29
0.31
0.31
0.29
0.31
0.30
0.26
0.26
0.24
0.27
0.26
0.28
0.34
0.36
0.34
0.49

Tmax

TOC
wt.%

MinC

HI

OI

PI

wt.%

mg HC/
g TOC

mg CO2/
g TOC

TS

TOC/TS

°C

wt.%

446

3.14

1.9

178

10

0.22

---

---

449
448
450
448
447
448
450
451
450
450
450
450
448
450
450
449
451
449
450
447
447
448
448
444

2.96
2.63
2.58
2.65
2.40
1.98
1.71
1.42
1.58
1.79
1.73
1.59
1.72
1.50
2.01
1.65
1.75
1.93
1.64
2.65
2.48
1.99
2.63
4.02

2.7
1.7
1.4
1.8
1.0
0.6
0.6
0.6
0.6
0.6
0.6
0.7
0.9
0.6
0.7
0.7
0.5
0.9
0.7
0.7
1.2
0.8
1.0
2.5

185
165
171
166
167
141
122
126
120
118
118
119
116
122
143
125
121
155
124
156
167
155
178
161

12
13
12
13
13
16
18
19
18
17
18
18
18
20
13
16
14
14
16
11
14
18
13
12

0.22
0.23
0.22
0.23
0.23
0.27
0.27
0.27
0.28
0.26
0.26
0.25
0.25
0.25
0.22
0.25
0.24
0.22
0.26
0.24
0.23
0.26
0.21
0.23

-------------------------------------------------

-------------------------------------------------
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Sample
Depth

Alloformation

2126.0
2129.2
2132.5
2135.1
2138.0
2138.3
2139.1
2141.6
2196.9
2202.7
2205.6
2208.1
2210.4

SWS
SWS
SWS
SWS
UBF
UBF
UBF
UBF
SWS
SWS
SWS
UBF
UBF

m

102/08-36-041-07W5/00
F

100/08-15-036-05W5/00
G

S1
mg HC/
g Rock

1.54
1.33
1.6
1.09
0.76
0.51
0.89
1.17
1.22
0.96
2.29
1.55
1.45

S2

S3

Tmax

mg HC/
g Rock

mg CO2/
g rock

°C

6.50
7.06
6.82
4.76
3.40
1.95
5.85
6.58
7.87
6.18
14.57
13.93
8.07

0.22
0.15
0.25
0.24
0.19
0.18
0.26
0.17
0.32
0.21
0.34
0.28
0.28

440
441
442
443
438
438
441
439
436
439
436
434
436

TOC
wt
%

2.92
2.88
2.79
2.13
1.70
0.95
2.42
2.70
2.96
2.32
4.07
3.77
3.06

MinC
wt
%

2.1
1.0
1.5
0.82
2.8
5.8
1.2
1.3
1.4
1.6
2.8
2.3
0.8

HI
mg HC/
g TOC

223
245
244
223
200
205
242
244
266
266
358
369
264

OI
mg CO2/
g TOC

8
5
9
11
11
19
11
6
11
9
8
7
9

PI

0.19
0.16
0.19
0.19
0.18
0.21
0.13
0.15
0.13
0.13
0.14
0.10
0.15

TS
wt
%

2.73
1.75
2.54
2.33
2.31
2.55
2.20
3.44
2.90
1.89
2.89
3.52
3.15

TOC/TS

1.07
1.65
1.10
0.91
0.74
0.37
1.10
0.78
1.02
1.23
1.41
1.07
0.97
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Appendix D2 Data from samples located in the immature zone
UWI and Symbol

Sample
Depth

Alloformatio
n

410.6
412.5
413.2
414.2
415.0
416.2
417.7
418.0
418.4
542.4
545.5
549.7
550.7
552.7
553.8
556.3
557.5
558.6
559.0
559.3
560.5
458.5
460.5
461.2
462.5
463.5
464.5
466.0
466.2
468.3
469.3

SWS
SWS
SWS
SWS
SWS
SWS
SWS
SWS
SWS
SWS
SWS
SWS
SWS
SWS
SWS
UBF
UBF
UBF
UBF
UBF
UBF
SWS
SWS
SWS
SWS
SWS
UBF
UBF
UBF
UBF
UBF

m

100/10-35-045-02W4/00
H

100/06-23-043-11W4/00
I

100/06-26-059-20W4/00
J

S1
mg HC/
g Rock

1.10
1.09
0.58
1.48
0.25
0.74
0.64
0.47
0.76
0.25
0.21
0.45
0.57
0.74
0.55
0.57
0.65
0.54
0.77
0.96
1.23
1.23
0.92
1.10
0.68
0.95
1.23
0.83
0.36
0.51
0.33

S2

S3

mg HC/
g Rock

mgCO2/
g rock

16.85
17.00
25.17
30.75
14.97
33.86
11.31
28.92
22.85
8.08
14.24
19.92
32.26
33.71
25.36
28.04
35.95
38.42
43.24
38.37
44.19
24.70
26.82
22.75
20.48
26.87
39.91
21.19
13.28
11.14
12.83

1.47
1.54
2.24
2.18
1.59
2.65
1.09
2.04
2.20
0.85
1.02
1.55
1.97
2.02
1.55
1.74
1.78
1.88
2.09
2.21
2.20
1.97
2.08
1.88
1.87
1.87
2.92
2.13
1.80
1.27
1.28

Tma
x

TOC

404
410
411
410
413
411
410
405
413
407
415
412
409
408
408
410
409
405
408
410
409
410
410
409
410
407
409
402
397
407
406

5.42
3.70
5.64
6.27
3.59
7.55
3.96
5.46
5.76
3.59
3.37
4.67
6.66
7.30
5.12
5.99
7.49
7.16
8.34
7.69
8.26
6.54
6.48
5.99
5.79
6.72
9.13
6.69
5.36
4.60
4.86

°C

wt.
%

MinC
wt.
%

0.3
7.2
4.4
4.6
2.6
2.3
0.2
2.2
2.6
0.2
1.4
2.4
2.8
2.0
6.5
3.6
0.6
1.4
3.2
4.3
4.2
0.6
2.2
0.9
0.7
0.4
1.1
0.4
0.3
0.2
0.2

HI
mg HC/
g TOC

311
459
446
490
417
448
286
530
397
225
423
427
484
462
495
468
480
537
518
499
535
378
414
380
354
400
437
317
248
242
264

OI
mg CO2/
g TOC

27
42
40
35
44
35
28
37
38
24
30
33
30
28
30
29
24
26
25
29
27
30
32
31
32
28
32
32
34
28
26

PI

0.06
0.06
0.02
0.05
0.02
0.02
0.05
0.02
0.03
0.03
0.01
0.02
0.02
0.02
0.02
0.02
0.02
0.01
0.02
0.02
0.03
0.05
0.03
0.05
0.03
0.03
0.03
0.04
0.03
0.04
0.03
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Appendix E Bituminite (BRo%) and vitrinite reflectance (VRo%) data from samples from the Second White Specks (SWS)
and Upper Belle Fourche (UBF) alloformations in the foredeep depozone of the Western Canada Foreland Basin. (**)
indicates measurements from reworked vitrinite that will not be used as thermal maturity indicator.
UWI and Symbol
100/09-09-056-19W5/00
A
100/14-03-053-15W5/00
B
102/07-33-052-15W5/00
C
100/06-31-046-08W5/00
D
100/07-19-045-06W5/00
E
102/08-36-041-07W5/00
F

100/08-15-036-05W5/00
G

Sample
Depth
m
2237.6
2243.5
2264.5
2273.0
1877.9
1891.7
1894.0
1961.6
1965.4
1968.0
1809.2
1813.9
1819.5
1809.3

Alloformation

2126.0
2129.2
2138.0
2138.3
2141.6
2196.9
2202.7
2205.6
2208.1
2210.4

SWS
SWS
UBF
UBF
UBF
SWS
SWS
SWS
UBF
UBF

SWS
SWS
SWS
UBF
SWS
SWS
SWS
SWS
SWS
SWS
SWS
SWS
SWS
SWS

Bituminite (%BRo)

Vitrinite (%VRo)

Mean
0.58
0.54
0.54
0.57
0.55
0.54
0.51
0.59
0.6
0.55
0.48
0.51
0.46

SD
0.07
0.06
0.05
0.10
0.07
0.09
0.04
0.09
0.06
0.08
0.05
0.06
0.06

n
34
33
20
29
49
28
21
27
22
30
17
29
22

Mean
0.66
0.72
0.92*
0.76
0.76
0.79
0.79
0.71
0.79
0.84
0.60
0.60
0.62
1.00

SD
0.13
0.12
0.16
0.13
0.10
0.15
0.50
0.10
0.06
0.11
0.16
0.09
0.06
0.09

n
25
24
22
38
16
13
16
28
20
12
49
45
15
40

0.55
0.51
0.51
0.51
0.6
0.47
0.48
0.55
0.53
0.55

0.05
0.06
0.06
0.08
0.09
0.39
0.10
0.08
0.13
0.15

18
37
26
22
30
26
70
42
62
57

0.80
0.72
0.75
0.76
0.77
1.17**
1.02**
1.00**
1.09**
1.30**

0.15
0.08
0.12
0.19
0.13
0.18
0.07
0.10
0.15
0.17

28
10
25
25
29
67
31
29
38
53
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Appendix F Plots of Rock-eval parameters from samples from the SWS and UBF
alloformations in the thermally mature zone of the Western Canada Foreland Basin.
Appendix F1 HI versus Tmax

308

Appendix F2 PI versus Tmax
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Appendix F3 HI versus OI

310

Appendix F4 S2 versus TOC

311

Appendix G Plots of Rock-eval parameters from samples from the SWS and UBF
alloformations in the thermally immature zone of the Western Canada Foreland Basin.

Appendix G1 HI versus Tmax

312

Appendix G2 PI versus Tmax

313

Appendix G3 HI versus OI

314

Appendix G4 S2 versus TOC

315

316

Appendix H Present-day temperature profile. Data was used during the 1-D and 2-D basin modeling. Blue line refers to
modeled temperature.
Appendix H1 Present-day temperature (DST) profiles from wells A and B

317

Appendix H2 Present-day temperature (DST) profiles from wells C and D

318

Appendix H3 Present-day temperature (DST) profiles from wells E and F

319

Appendix H4 Present-day temperature (DST) profile from well G

320

Appendix I. Vitrinite reflectance profiles. Data used during the 1-D and 2-D basin modeling. Triangle points refer to vitrinite
reflectance measurements. Circle points refer to Tmax data converted to vitrinite reflectance. Black line refers to modeled
vitrinite reflectance
Appendix I1 Vitrinite reflectance profile wells A and B
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Appendix I2 Vitrinite reflectance profiles wells C and D

322

Appendix I3 Vitrinite reflectance profiles wells E and F

323

Appendix I4 Vitrinite reflectance profile well G
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Appendix J Sensitivity analysis (Tornado plots) input and output data on the basin models. TR is estimated during the basin
modeling according to mass balance equations that describe the kerogen degradation with temperature (Section 2.2.3, Chapter
2). The Base TR refers to the resulting TR estimated during the modeling using calibrated HF (mW/m2) and erosion (m)
values, mean HI0 and TOC0 estimated in this work, and Vandenbroucke et al. (1999) kinetic parameters; altogether these
values are in black. Red and blue parameters represent minimum and maximum values, respectively. Alternative kinetic
parameters for kerogen type II are represented in green. Purple refers to output TR.
Wells

Alloformations

100/09-09-056-19W5/00
A

SWS

Base TR
35.58

UBF

38.27

HF
40
60
52
52
52
52
52
52
52
52
40
60
52
52
52
52
52
52
52
52

Erosion
1900
1900
1820
2445
1900
1900
1900
1900
1900
1900
1900
1900
1820
2445
1900
1900
1900
1900
1900
1900

Input parameters
Kinetics
Vandenbroucke et al (1999)
Vandenbroucke et al (1999)
Vandenbroucke et al (1999)
Vandenbroucke et al (1999)
Behar et al. (1997)
Pepper and Corvi (1995)
Vandenbroucke et al (1999)
Vandenbroucke et al (1999)
Vandenbroucke et al (1999)
Vandenbroucke et al (1999)
Vandenbroucke et al (1999)
Vandenbroucke et al (1999)
Vandenbroucke et al (1999)
Vandenbroucke et al (1999)
Behar et al. (1997)
Pepper and Corvi (1995)
Vandenbroucke et al (1999)
Vandenbroucke et al (1999)
Vandenbroucke et al (1999)
Vandenbroucke et al (1999)

HI0
427
427
427
427
427
427
225
537
427
427
427
427
427
427
427
427
225
537
427
427

TOC0
3.66
3.66
3.66
3.66
3.66
3.66
3.66
3.66
2.51
4.82
4.70
4.70
4.70
4.70
4.70
4.70
4.70
4.70
3.95
5.80

Output variable
Low TR
High TR
4.91
74.68
32.50
56.27
33.27
49.81
35.38
35.58
35.20
35.60
5.36
77.54
35.01
58.69
35.19
51.96
38.08
38.27
38.07
38.30
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Continuation Appendix J
Wells

Alloformations

100/14-03-053-15W5/00
B

SWS

Base TR
39.23

102/07-33-052-15W5/00
C

SWS

44.23

100/06-31-046-08W5/00
D

SWS

2.5

HF
40
70
58
58
58
58
58
58
58
58
40
70
58
58
58
58
58
58
58
58
35
60
40
40
40
40
40
40
40
40

Erosion
2200
2200
2140
2842
2200
2200
2200
2200
2200
2200
2200
2200
1931.0
2871.1
2200
2200
2200
2200
2200
2200
2200
2200
1986
2522
2200
2200
2200
2200
2200
2200

Input parameters
Kinetics
Vandenbroucke et al. (1999)
Vandenbroucke et al. (1999)
Vandenbroucke et al. (1999)
Vandenbroucke et al. (1999)
Behar et al. (1997)
Pepper and Corvi (1995)
Vandenbroucke et al. (1999)
Vandenbroucke et al. (1999)
Vandenbroucke et al. (1999)
Vandenbroucke et al. (1999)
Vandenbroucke et al. (1999)
Vandenbroucke et al. (1999)
Vandenbroucke et al. (1999)
Vandenbroucke et al. (1999)
Behar et al. (1997)
Pepper and Corvi (1995)
Vandenbroucke et al. (1999)
Vandenbroucke et al. (1999)
Vandenbroucke et al. (1999)
Vandenbroucke et al. (1999)
Vandenbroucke et al. (1999)
Vandenbroucke et al. (1999)
Vandenbroucke et al. (1999)
Vandenbroucke et al. (1999)
Behar et al. (1997)
Pepper and Corvi (1995)
Vandenbrouck et al (1999)
Vandenbrouck et al (1999)
Vandenbrouck et al (1999)
Vandenbrouck et al (1999)

HI0
427
427
427
427
427
427
225
537
427
427
427
427
427
427
427
427
225
537
427
427
427
427
427
427
427
427
225
537
427
427

TOC0
3.70
3.70
3.70
3.70
3.70
3.70
3.70
3.70
3.36
4.03
2.93
2.93
2.93
2.93
2.93
2.93
2.93
2.93
2.01
4.23
3.23
3.23
3.23
3.23
3.23
3.23
3.23
3.23
2.90
3.55

Output variable
Low TR
High TR
2.31
89.62
37.17
62.61
36.30
52.96
39.23
39.35
39.10
39.34
2.71
91.54
33.46
66.85
39.6
56.92
43.85
44.23
43.6
44.31
1.01
46.15
37.17
62.61
36.3
52.96
2.31
2.69
2.40
2.69

326

Continuation Appendix J
Wells

Alloformations

100/07-19-045-06W5/00
E

SWS

Base TR
59.04

UBF

66.71

SWS

43.08

102/08-36-041-07W5/00
F

HF
50
70
65
65
65
65
65
65
65
65
50
70
65
65
65
65
65
65
65
65
40
60
58
58
58
58
58
58
58
58

Erosion
2200
2200
1427
2710
2200
2200
2200
2200
2200
2200
2200
2200
1427
2710
2200
2200
2200
2200
2200
2200
2100
2100
1829
2481
2100
2100
2100
2100
2100
2100

Input parameters
Kinetics
Vandenbrouck et al (1999)
Vandenbrouck et al (1999)
Vandenbrouck et al (1999)
Vandenbrouck et al (1999)
Behar et al. (1997)
Pepper and Corvi (1995)
Vandenbrouck et al (1999)
Vandenbrouck et al (1999)
Vandenbrouck et al (1999)
Vandenbrouck et al (1999)
Vandenbrouck et al (1999)
Vandenbrouck et al (1999)
Vandenbrouck et al (1999)
Vandenbrouck et al (1999)
Behar et al. (1997)
Pepper and Corvi (1995)
Vandenbrouck et al (1999)
Vandenbrouck et al (1999)
Vandenbrouck et al (1999)
Vandenbrouck et al (1999)
Vandenbrouck et al (1999)
Vandenbrouck et al (1999)
Vandenbrouck et al (1999)
Vandenbrouck et al (1999)
Behar et al. (1997)
Pepper and Corvi (1995)
Vandenbrouck et al (1999)
Vandenbrouck et al (1999)
Vandenbrouck et al (1999)
Vandenbrouck et al (1999)

HI0
427
427
427
427
427
427
225
537
427
427
427
427
427
427
427
427
225
537
427
427
427
427
427
427
427
427
225
537
427
427

TOC0
3.59
3.59
3.59
3.59
3.59
3.59
3.59
3.59
2.64
4.48
3.25
3.25
3.25
3.25
3.25
3.25
3.25
3.25
1.90
5.53
3.72
3.72
3.72
3.72
3.72
3.72
3.72
3.72
2.69
3.77

Output variable
Low TR
High TR
10.38
81.15
26.00
83.0
50.00
67.9
58.80
59.10
59.00
59.2
13.20
87.30
32.00
88.00
55.40
71.60
66.60
66.80
66.50
66.80
4.11
65.77
32.69
57.14
38.94
56.16
43.08
43.46
43.01
43.50
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Continuation Appendix J
Wells

Alloformations

102/08-36-041-07W5/00
F

UBF

Base TR
46.15

100/08-15-036-05W5/00
G

SWS

20

UBF

23.2

HF
40
60
58
58
58
58
58
58
58
58
40
55
48
48
48
48
48
48
48
48
40
55
48
48
48
48
48
48
48
48

Erosion
2100
2100
1829
2481
2100
2100
2100
2100
2100
2100
2100
2100
2040
2667
2100
2100
2100
2100
2100
2100
2100
2100
2040
2667
2100
2100
2100
2100
2100
2100

Input parameters
Kinetics
Vandenbrouck et al (1999)
Vandenbrouck et al (1999)
Vandenbrouck et al (1999)
Vandenbrouck et al (1999)
Behar et al. (1997)
Pepper and Corvi (1995)
Vandenbrouck et al (1999)
Vandenbrouck et al (1999)
Vandenbrouck et al (1999)
Vandenbrouck et al (1999)
Vandenbrouck et al (1999)
Vandenbrouck et al (1999)
Vandenbrouck et al (1999)
Vandenbrouck et al (1999)
Behar et al. (1997)
Pepper and Corvi (1995)
Vandenbrouck et al (1999)
Vandenbrouck et al (1999)
Vandenbrouck et al (1999)
Vandenbrouck et al (1999)
Vandenbrouck et al (1999)
Vandenbrouck et al (1999)
Vandenbrouck et al (1999)
Vandenbrouck et al (1999)
Behar et al. (1997)
Pepper and Corvi (1995)
Vandenbrouck et al (1999)
Vandenbrouck et al (1999)
Vandenbrouck et al (1999)
Vandenbrouck et al (1999)

HI0
427
427
427
427
427
427
225
537
427
427
427
427
427
427
427
427
225
537
427
427
427
427
427
427
427
427
225
537
427
427

TOC0
2.29
2.29
2.29
2.29
2.29
2.29
2.29
2.29
1.21
3.49
3.17
3.17
3.17
3.17
3.17
3.17
3.17
3.17
2.57
4.28
3.38
3.38
3.38
3.38
3.38
3.38
3.38
3.38
3.21
4.09

Output variable
Low TR
High TR
4.23
68.46
35.01
58.85
41.15
57.69
45.77
46.15
45.60
46.2
4.62
47.31
18.46
33.46
20.31
33.00
19.81
20.02
19.61
20.20
6.02
53.85
21.81
39.04
23.42
38.23
23.15
23.40
23.01
23.31
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